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CHAIRMAN'S  MESSAGE 


The  First  SpacX Congress,  has  been  a  joint  endeavor  of  nineteen 

professional  societies  and  two  colleges  ivhtch  comprise  the  Can' 

■averOi^ouncil  of  •Technical  Societies.  Starting  in  1959  with  the 

'  goal  of  better  communications  among  the  many  technical  societies, 

-'  the  Council  has  gtown  to  become  a  leader  in  our  community.  The 

Proceedings  of  this  First  Space  Congress  represent  our  most  sig" 

"':  nificant  undertaking  to  date.  It  confirms  the  Courtcils'  origintd 

thinking  that  many  diverse  technical  professions  with  common 

^interests  and  objectives  can  effectively  coordinate  actti;ities  to 

J  the  benefit  of  all.  It  is  hoped  that  our  example  will  be  followed  in    " 

other  parts  of  the  country  for  the  further  benefit  of  other  technical 

societiesand  the  many  organizations  which  supporttheir  activities.       '■  ^^-ri.^;- ■ 

i' 

.     The  specific  purpose  of  the  First  Space  Congress  hasebeen  to 
explore  owt  theme,  "Where  kre  We  Going  In  Space?"  The  papers^  ■•»• 

contained  herein  give  many  answers  to  this  question  from  different 

,.  ^professional  points  of  view.  Collectively ,,  they  emphasize  the  K-^'^i  V  •*- 
process  being  made  in  present  programs  and  technologies  and 
look  forward  to  the  complexities  of  the  continuing  challenge 
that  ive  face.  We  have  been  very  fortunate  in  obtaining  such  a     ■ 
diversity  of  exceptionally  qualified  authors.  We  are  indeed  grate  v^. 
fill  to  them,  and  also  for  the  sincere  interest  shown  by  our  dis' 

,  tinguished  principal  speakers.  :;<- 

The  Conaveral  Council  ofvTechnical  Societies  is  justly  proud  to' 
publish  these  f^ceedings  of  our  First  Space  Congress,  and  sin' 
cerely  hopes  that  they  will  be  of  continuing  benefit  to  future 
readers.  The  Council  intends  0iis  to  be  only  the  first  of  an  annual       , 
^pace  congress  to  he  held  here  in  the  heart  of  the  free  world's 
space  activities.  .  '  '       * 

'''"•;T-'-,'      ''."'■-••"    -John  T.- Hagan     ''•' ■'[[\'\fic\^,'-^2'^^' ""■'''  ^^^^     * 
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y>.A,:j.4;yh  -^      THE  PROGRAM  _ 

THE  CONGRESS  this  year  is  aimed  alternately  at  a  number  of  specific  fields  in 
the  necessarily  broad  interest  area  of  space  technology.  Our  motives  for  tiie  broad 
coverage  were  twofold.  First,  we  wished  to  make  the  program  as  attractive  as 
possible  to  our  wide  range  of  contributing  technical  societies.  Secorid,  to  begin 
to  measure  where  we  are  going  in  space  we  had  to  sample  the  progress  at  many 
points  along  the  broad  frontier  of  our  technology.  Each  succeeding  year  of  this 
event  will  provide  a  more  effective  means  of  communicating  the  progress  of  the 
work  which  intimately  affects  our  advancement  in  the  Space  Age.  We  hope  we 
have  added  a  sound  block  to  the  foundation  of  this  endeavor.  -^ 

Our  highest  expectations  for.speaker  resporise  were  met  in  full  measure.  The 
unfortunate  consequence  of  receiving  so  many  outstanding  papers  is  the  necessity 
of  having  to  turn  some  dowti  for  the  lack  of  program  time.  To  these  and  all  the 
authors,  guest  speakers,  Progtam  Committee  Members  and  odinsors  I  wish  to 
express  my, thanks  for  a  valuable  and  successful  First  Space  Congress. 


fitKamJ.Haberh^pi 
Program  Chairman 
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INDUSTRY  PARTICIPATION 


The  Congress  will  feature  technical  exhibits  encompassing  specialized  products  of  the  Space  Industry. 
Exhibits  will  be  located  in  the  Ramada  inn  and  in  the  Gemini  Room  of  Schrafft't  Carriage  House. 
TKey  will  be  open  from  0800  to  2000  during  the  Congress.  -    ^v!.  A-""  . ' 

;     The  jfbllocoing  companies  wHI  exhibit /^^^^;^^    7  U 
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Sununary 


The  problem,  of  acquiring  and  tracking  a  distant  terminal  for  long-range  laser 
communications  is  defined  and  solutions  suggested.    Factors  considered  include 
the  effects  of  tlie  atmosphere,  the  transit  time,  and  the  inherent  limitations  of  op- 
tical systems.  '         .        ' 

>•■-'■■■■  :"\'-"\  ■  "^-- ■■■   ■  •■     -^  --  ;■  • 

Various  parametric  tradeoffs  can  be  made  in  the  synthesis  of  a  system  capable 
of  the  required  accuracies.    Some  of  the  parameters  have  basic,,  or  iiiherent, 
limitations  while  others  are  lixhited  by  size,  weight,  or  cost  considerationus.     These 
parameters  are  defined  and  their  magnitudes  established, '.  \         ■'        ,       ,,, 

Finally,  various  system  components  are  examined  and  their  necessary  charac- 
teristics defined  to  provide  guidelines  for  tlie  future  development  of  equipmehts 
capable  of  performing  the  required  tasks.  .  _    .       •. 


Introduction 


r 


The  advantages  to  be  gained  from  the  inherent  broadband  capabilities  of  Ihe 
laser  in  long-range  communications  require  solutions Jto  the  acquisition  and  track- 
ing problems  associated  with  the  use  of  extremely  nanrow  beams.    In  order  to 
evolve  acquisition  suid  tracking  logic,  it  is  necessary  to  exainine  in  detail  the  var- 
ious factors  which  govern  system  characteristics  and  to  choose  a  transmitting 
beamwidth  on  the  basis  of  available  laser  power,  dfetector  sensitivity,  area  of  re- 
ceiving apei*ture,  and  atmospheric  perturbations  (if  transmission  thi*0Ugh  the  earth*  s 
atmosphere  is  to  be  considered).     Knowledge  uf  the  magnitude  of  these  parameters    . 
together  with  coarse  acquisition  information  is  then  used  to  formulate  acquisition 
systems.  ,  j 


M 


Three  acquisition  systems  are  considered  in  this  paper:    one  which  holds  the 
transmitter  and  receiver  beainwidtha  constant  throughout  the  acquisition  cycle,  one 
which  holds  the  transmitter  beamwidth  constant  but  varies  the  instantaneous  field-   • 
of  view  of  the  receiver,  and  one  which  uses  a  storage  device  with  memory.    Cona- 
mon  to  all  systems  is  the  problena  of  external  noise  caused  by  thei  stars,  earth  and 
planets.     These  noise  sources  complicate  the  acquisition  problem  by  adding  the  re- 
quirement of  target  discrimination.    >:'.':s,^fj,.,.:i,^     hI.      *      .     .   ,    ■:  ;>  • 

The  tracking. problem  is  characterized  by  the  high  degree  of  precision  neces- 
sary and  the  generally  slow  angular  scanning  rates.    Ideally,  the  error-signal 
generation  portion  of  the  system  shoxfed  be  compatible  with  the  acquisiti6n  scanner 
to  reduce  interface  and  switch-over  problemis.   A  difficulty  encountered  in  tracking 
extremely  narrow  beams  with  moving  systems  lies  in  the  requirement  that  the  . 
transmitter  "lead"  the  target  to  compensate  for  the  error  caused  by  the  time  it 
takes  for  the  beam  to  travel  the  distance  between  transmitter  and  receiver.    Addi- 
tional complications  arise  when  transmission  through  the  atmosphere  is  necessary. 

It  is  the  purpose  of  this  paper  to  examine  the  spectiomi  of  system  considera- 
tions outlined  above  which  impact  upon  the  total  acquisition  and  tracking  problem. 
As  afevtloped  in  the  paper,  the  successful  solution  of  the  acquisition  and  tracking 
problem  requires  extreme  precision  in  the  various  conaponents  which  comprise  the 
system.    Most  of  the  components  can  be  made  available  now  but  others,  such  as      *• 
precision  beam  deflectors,   require  further  development. 


The  Acquisition  Problem 

The  problem  of  acquisition  is  one  of  locatmg  and  illuminating  a  target  with  a 
narrow  beam  in  a  field  of  view  which  may  be  larger  than  the  width  of  the  beam. 
The  size  of  the  field  of  view  is  governed  by  the  accuracy  .Jo  which  the  position  of 
the  target  is  known.        .  '  " 

The  narrow  beam  associated  with  a  system  of  this  type  makes  the  laser  un- 
suitable for  a  general  search  over  large  volumes.    For  exam^e,   a  laser  beam  witfis 
an  angular  width  of  5  seconds  by  5  seconds  requires  1.  3  x  10^"  beam  positions  to 
search  out  a  hemisphere.    A  beam  position  here  is  defined  as  the  solid  angle  sub- 
tended by  the  half  power  points  of  the  beam.     If  a  dwell  time  of  one  microsecond, 
is  allowed  at  each  beam  position,  a  total  time  of  3.  6  hours  is  required  to  complete 
the  search.    Because  the  relative  motion  between  a  space  vehicle  and  an  earth 
station  does  not  permit  this  length  of  time  to  establish  Contact,  it  is  necessary  to     ' 
perform  coarse  acquisition  by  some  means  external  to  the  optical  system. 

If  the  acquisition  is  to  be  performed  for  a  ground  terminal,  one  of  the  pre- 
cision  radars  can  be  used  for  coarse  iacquisition*    The  following  list  shows  the  angle 
accuracies  of  some  of  the  radars  presently  in  use.    After  a  space  vehicle  has  been 
tracked  for  several  days,  its  position -can  be  computed  to  much  greater  accuracies, 
certainly  less  than  1  second  of  arc. 

...  w 


/ 


Angular  Accuracy 

Frequency  Band 

0.012» 

c  '    * 

0.0084" 

c 

Or  006" 

c 

0.017° 

UHF 

Radar 

AN/FPfe-i6 

Modified  AN/FPS- 16 

^        .AN/FPQ-6 

Ttadex  .. 

Since  the  space  vehicle  will  not  have  the  benefit  of  a  high  resolution  radar,  it  ,- 
will  have  to' rely  on  an  attitude  stabilization  systein  or  far  body  tracker?*    The  fol- 
lowing list  shows  the  pre sentlKr attainable  accuracies  of  several  basic  attitude 
stabilization  systems. 

" Gravity  Stabilization  without  Damping  '      »  ±6°  .      .• 

^'t,;'i;.  &%'^!%5j^i;j>  Gravity  Stabilizaition  with  Damping  ;■  ±1*'    ^--^    '.    ,  " 

'■-■,:;■.  7' i ■:■:■■:;:■'■:;    Spin  Stabilization   '  -  ■'/     '^'^  J.\:.:f-  ....  :^     _  ±1"       ,■...:;.;■;'. 

;■  Horizon  or  Area  Scanning  ^    .     ''  ±lf  or  less 

■-  ■.  \     ■■'      '    Sun,  Moon,  or  Star  Tracking   '  •''"^'^^'■^P.-^^^'^-m^-'  ±lt  tp:±r  •   .••■■  ■ 

•^■:    ■  •  ,  ■      .   ■  ,. •        ■  -    •  ,..-..      ,     •    ■  ■ 

K'is  also  useful  to  examine  the  attitude  control  requirements  for  the  OAO 
^s^tellite.    ^ot  all  of  the  accuracies  shown  in  the  following  list  have  been  achieved 
in  flight  but  all  are  felt  to  be  withii^r  near  the  state  of  the  art. 

•    Initial  Orientation 

:,.:;>■  Align  toward  Sun  0. 5"  to  1°  '  ■ 

'      '         i         ,        Acquire  Star  0.5°    - 

■'      ,         ',        ',.     -^  ■   ■    '"''■'  ''  -''''.' 

V    Acquire  Earth  Several  degrees  j^  "^  • 

''■■:'':.     .^  ■    '.I-:':  ■■;  '  .  •*   . 

:     ,•   Attitude  Stabilization  -.;, 

,    .  /  Toward  Sun  1  second  to  several  degrees 

Toward  Star    *  0. 1  second  „     •     .. 

"    Toward  Vertical  /  0. 1°  to  several  degrees 

Zero  Yaw  Aiigle       /  1°  to  several  degrees 

TheSe,  then,   represent  the  magnitude  of  coarsc>"acquisition  information  which  can 
be  available  for  use  on  a  laser  based  system.  .     ^  ;_  • 

.    ■.,""  '■ -v,  ■■■  :.  •.■>-  ■    '■ 


A  situation  may  occur  in  which  a  space  vehicle  looking  toward  the  earth  is 
pointed  with  great  precision  toward  the  eSkth's  center  without  knowing  the  location 
of  the  target  on  the  earth's  surface.    Since  the  solid  angle  occupied  by  the  beam 
I   will  generally  be  nauch  smaller  than  the  solid/ angle  .subtended  by  the  earth,  a 
search  will  be  necessary  throughout  the  latter. 

'  Li  order  to  develop  an  acquisition  logic,   it  is  first  necessary  to  defihe  the  fol- 

lowing parameters  governing  the  system: 


u. 


:)•■■?■"■ 


u 


solid  angle  beamwidth  of  the  transmitter; 

solid  angle  field  of  view  of  the  trsmsmitter,  i.  e.,  the 
solid  angle  representing  the  uncertainty  to  which  the 
jposition  of  the  target  is  known; 

instantaneous  field  of  view  of  the  receiver; 

total  field  of  view  of  the  receiver,  analogous  to-fl. 
but  not  necessarily  of  the  same  size;        ,.   , 

ac^isition  time.  ,  ,  ■    ,  ,       ^      ,...- 


It  is  useful  to  examine  the  factors  governing  the  size  of  each  of  these. 

The  transmitter  beamwidth  u  must  be  selected  on  the  basis  of  the  power 

available  from  the  laser,  the  distance  to  tfie'taTget,  and  the  required  power  density 
at  the  target.     The  smaller  the  power  available  from  the  laser,  the  smaller  the 
beamwidth  necessary  to  reaUze  the  same  power  density  at  the  receiver.    Figure  1  • 
is  a  plot  of  the  maximum  range/ obtainable  as  a  function  of  the  solid  angle  of  the 
transmitted  beam  for  the  following  parameters 

•  Trslnsmitted  Power 

.,    '^     Receiving  Aperture  1  ft 

Receiver  Bandwidth  1  Mc 

S/N  Ratio.  ■      •  5  db 


« 


1  watt 
2 


Losses   ■  V 

%  -        •%"     ■  ■ 

Detector  Sensitivity 


5  db 


■12 


3x10        dbw  (Sensitivity  of  the  best 
uncooled  photomultiplier  for  6328A 
wavelength. ).  :     /  ;  " 


^lifo^^J  It'  °l''°^\^.^'  representative  and  may  be  shifted  up  or  down  for  other 
values  of  the  above-listed  parameters.'  ,•        ;    j. 
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At  this  stage  of  development,  it  is  difficult  to  predict  the  magnitude  of  CW 
power  available  from  lasers  in  the  future.     It.  appears  as  though  power  outputs  of 
the  order  of  watts  or  tens  of  watts  may  be  obtained  but  probably  not  hundreds  or 
thousands  of  watts.     New  developinents  may  greatly,  alter  this  prediction.     Higher 
output  power  remains  a  prime  requisite  fon  very  long  range  communications,  .such 
as  deep  space  probes,  and  the  course  of  deyelopment  must  be  aii^ed  toward  higher 
powers  because  beamwidth  narrowing  to  increase  power  density  cannot  be  exploited 
ad  infinitum.  - 

'*.'-'..'..'.■-.  .    '  ■  •■  ■ . 

In  addition  to.  the  difficulties  of  aimipg  such  narrow  beams,  a  ground  based 
station  must  contend  with  scintUlatiqns  caused  by  air  turbulence.     Tliese  scintilla- 
tions have  plagued  astronomers  since  earjytiihe  and  are  of  the  order  of  one  half 
to  two  seconds  of  arc  at  night  and  greater  in  the  day.     The  lowe^r  beamwidth  limit 
for  a  ground  based  station  will. therefore  be  about  one  to  five  seconds  of  arc. 

A  receiving  aperture  of  one  square  foot  is  taken  as  the  size  that  can  conven- 
iently be  carried  aboard  a  space  vehicle;  weight  and  size  of  optical  telescopes  in- 
crease rapidly  as  the  aperture  is  increased  beyond  this  point.     Greater  ranges  \ 
might  be  achieved  if  a  large  aperture  is  used  on  the  ground  and  is  accompanied  by 
a  laser  of  correspondingly  greater  power.    Since  it  is'  unlikely  that  the  output  power 
of  a  single  CW  laser  will  be  limited  by  input  power  considerations,  the  higher 
power  can  be  achieved  only  by  ganging  several  lasers  in  an  array,     ff  the  problems 
associated  with  arraying  lasers  can  be  solved,  then  greater  distances  than  those 


indicated  in  Figure  1  can  be  obtained.  For  example,  the  range  can  be  doubled  by 
increasing  the  transmitted  power  by  a  factor  of  four,  or  by  doubling  the  receiving 
aperture.  ,  ,-  -  .  /^      ,  -  .    > 

^  '  '^  .  "        ■  ■ 

Detector  sensitivity  has  tlwo  limitations:    (1)'  that  caused  by  noise  in  the  re- 
ceiver itself  which  can  be  reduced  by  cooling,  and  ^2)  that  caused  by  quantxmi 
noise  which  is  a  basic  limitation.    Quantimi -noise  is  a  part  of  the  signal  itself  and 
is  due  to  the  random  times  of  arrival  of  the  individual  photons.    Since  the  energy 
of  a  photon  at  light  frequencies  is  large  compared  to  the  energy  of  a  photon  at 
microwave  frequencies,  fewer  photonfe  are  required  to  achieve  a  given  power  level. 
At  low  power  levels,  the  averaging  effect  of  large  niunbers  of  arriving  photons  is 
lost  and  the  randomness  of  arrival  of  the  individual. photons  becoines  important. 

Quantum  noise  rises  linearly  with  bandwidtW^hile  detector  noise  (for  photo- 
multipliers)  varies  with  the  square  root  of  the  bandwidth.    Quantumi  noise,  there- 
fore, becomes  dominent^or  large  bandwidths.    Figure  2  shows  plots  of  the  noise 
level  of  both  quantum  noiise  and  detector  noise  as  a  function  of  wavelength  for        ' 
bandwidths  of  1  Mc  and  10  Mc.    The  detector  noise  curve  is  plotted  from  data  on 
commercially  available  photomvfltipliers.    Each  point  on  the  curve  represents  the 
best  available  photomultiplier  for  that  particular  wavelength.    Since  the  measured 
points  for  the  detectors  do  not  y^ry.  by  more  than  si  factor  of  two  from  the  curve, 
it  is  felt  that  this  curve  is  representative  of  imcooled  detectors.  ■ , 

The  total  field  of  view  -Tu,  of  the  transmitter  is  expressed  in  steradians.    It 

represents  the  area  of  unceirtainty  in  the  knowledge  of  the  exact  location  of  the 
target.    This  information  may  be  obtained,  as  discussed  previously,  from  high 
resolution  radars,  attitude  stabilization  systems,  star  trackers,  or  combinations  " 
of  these.    For  the  case  in  which  the  j)osition  of  the  earth  is  known,  but  not  the 
location  of  the  target  on  the  earth,  _n_    becomes  the  solid  angle  subtended  by  the 

earth  with  its  vertex  at  the  space  vehicle.  ,''-^:^i^L^.^i^i> 

■•'   ■  •  -  * 

The  receiver  beamwidth  u  ,  or  instantaneous  field  of  view,must  be  small 

enou^  at  some  time  during  the  acquisition  phase  to  permit  pointing  the  laser 
transmitter  associated  with  it  with  sufficient  accuracy  to  ensure  illumination  of 
the  distant  target.    Although  u^  may  be  initially  broad,  it  must  eventually  assume 

the  same  order  of  magnitude  as  the  transmitter  beamwidth  on  the  same  end  of  the 
communication  link. 

The  total  field  of  view  -O^of  the  receiver  is  selected  on  the  same  basis  as 

that  of  the  transmitter  and  is  numerically  equal  to  that  of  tl«  transmitter  at  the 
same  location.   ,        .      .  „■■-,•■-,.--.,:;..,„„..,  v,;-^-,:;,,^ 

The  acquisition  time  T^  is  the  time  aUowed  to  acquire  and  identify  the  target, 

based  on  convenience  and  the  relative  motion  between  the  earth  and  the  space 
vehicle.  »  - 
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Figure  2.    Receiver  Sensitivity    ; 
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Three  types  of  acquisition  systems  -  constant  beajpwidth.  variable  field  of 
viev,    ^d  stTage  -  ..^e  studied  in  detail  and  are  trSed  kt  length  in  the  foUow- 
ing  discussion;  .,...» 

Constant  Beamwidth  Acquisition  iSystem  r  .   ,       >     ■ 

In  this  system,  the  transmitter  and  the  receiver  beamwidths  remain  constant 
throughout  the  acquisition  cycle.     The  most  general  applications  of  this,  concept 
.  are  reprfesented  by  the  relati6^s  u^  <  -O-^  and  io^  <  Si.^^   In  this  case  the 
transmitter  and  the  receiver  must  both  scan  outnheir  rbspecti^  field  of  view  in 
such  a  manner  that,  at  some  time  during  the  period  aUotted  for  acquisition,  the 
transmitter  and  receiver  must  point  at  each  other,     in  order  to  accomplish  this, 
one  terminal,  say  the  receiver,  scans  at  a  very  slo>w  rate  R^,  so  that  it  requires 

the  entire  acquisition  time  T^  to  scan  its  field  of  view  _n_^.    At  "the  same  time, 
the  other  end,  the  transmitter  in  this  example,  scans  at  a  fast  rate  R^.  so  that  it 
scans  its  entire  field  of  viewT\_,  once  for  each  beam  position  of  the  receiver.     The 
respective  scan  rates  are  then  given  by  „  '  -     ;  . 


R       =    _n_  /T     ste  radians /second 
r  r     a 


and 


\ 


-    J\..Tl.  /T  w     steradians/ second, 

^  ,.    ..-  ,.:t;..  ,r      a  r  ,_.,,,.,.,-/.;„  . 


J 


or  '    ,       R,     =      R     (-fl-./u  ). 

t  r         t     r 


The  dwell  time,  or  the  time  required  for  the  transmitter  beam  to  cross  the  re- 
I;  I  ceiver,  is  given  by  .  . 


I 


r 


t,      =     u./R.    =    Tw.wITlS^. 
d  tt  atrtr 


A  specific  acquisition  of  interest  occurs  for  the  case  represented  by  the 

relations  u^    =-n_,  and  u„  <  S\.  .    An  example  would  be  the  situation  in  which 
t  t  r  r 

the  position  of  the  space  vehicle  is  known  with  great  accuracy,   say  witliin  ^  second 
'    of  arc.     The  ground  based  transmitter  could  be  immediately  aimed  at  the 

space  vehicle,   illuminating  it  at  all  times.     It  is  then  only  nptessary  for  the  re- 
ceiver on  the  vehicle  to  search  out  its  field  of  view  until  the  far  transmitter  is 
detected.     The  receiver  then  begins  tracking  and  directs  the  beam  of  its  associated 
transmitter  toward  the  ground  to  commence  communications. 


i 
I 

'§  I  Variable  Field  Scan.  System 

%  '■  -■  ■       .  n 


Optical  receiver  systems  which  are  not  diffraction  limited  can  quite  easily  be 
made  to  have  a  variable  instantaneous  field  of  vip,w.     For  example,  a  variable  iris, 
placed  at  the  image  plane  of  the  primary  lens  or  mirror,  acts  as  a  field  stop  to 

;  .  .     ,  ■   '      "    16- ■  ■'-■••    ■■••'  •■- 


change  the  field  of  view.     This  characteristic  can-be  used  to  advantage  in  an  op- 
tical acquisition  system  to  cQj^serye  .iHMwJwidtb  fwd/or  ftpt^uisition  tiipe» 


Consider  the  total  field  of  view  of  the  receiver  to  be  divided  into  quadrants 
and  the  instantaneous  field  of  view  to  be  the  solid  angle  subtended  by  one  of  the 
quadrants.     The  receiver  will  examine  only  four  beam  positions  for  the  presence 
of  the  transmitter  and  the  transmitter  will  scan  its  field  of  view  at  least  once  for 
each  receiver  beam  position.    Upon  detecting  the  signal,  the  receiver  narrows  its 
field  of  view  by  a  factor  of  two  in  each  direction  and  again  scans.     This  time  its 
total  field  of  view  is  the  quadrsuit  in  which  the  signal  was  originally  detected.     This 
procedure  is  repeated  until  the  target  position  is  located  within  a  receiver  instan- 
taneous field  of  view  of  the  desired  size.    The  following  relations  describe  this 
type  of  scan  and  compare  it  to  the  fixed  field  scan,    i"-'-  > 


'.''.i 


Let  n  be  the  number  of'  beam  positions  of  the  fixed  field  scan  in  the  total  field         ^4! 
of  view;  then  -.fA- ^>;uSw.^  f''-.--tm  \^^  ^:i.i-j--:vvi-+'n.->s!.<?s;--;:V'  ^'rA.r,)t-r^<!;n:;  : ::y^q^f;fi)^^\^ivi^^ 

If,  in  the  variable  field  scan,  -TV-    is  successively  divided  into  quadratures  as    5' 

previously  described,  then  ,„.,f.,;|_^.v^.,;',  '-f  .;■.-,  .r,:;/;'..-^  ■.■■-:■;■•.  ■■<■'/■■■-'  •^i.jr'::;  -  :^;::Vs:^>}v:'^         '    '  ' 


#  .•." 


m 


■  C 


where  m  is  the  number  of  divisions  into  quadratures.    Then 


.i->Jv<  ?;;:-«>:* 


'  ":y-''Kr'-'.-'^-''l'r>^,'. 


and 


m 


log  n     =     m  log  4 


»     0.  602  m. 


For  a  nunaber  of  values  of  n,  m  takes  the  following  value's: 


n 


m 


10' 


10' 


10 


-.''^j-itxi-CCK 


>:  i  i  to 


J;.',;) 


•»r' 


3.32 
4.98 

6.65 


■I  *-^ 


.:1:-.i-''.,    '^' 


10' 


8.30 


Since  m  can  take  only  integer  values,  the  next  higher  whole  number  would  be  used. 

.""■        ■  ^'  ■'■      ,■         ■;■■■■■         17  ■..'„*■' 


V-V'h^'- 


'.  ■^.rK.'.'ic'iii.-  *-.J'> 


On  the  average,  with  a  fixed  field  scan  system,  the  target  would  be  located 
when  only  half  the  total  n  beam  positions  Imd  been  scanned.    "Even  so,   ^t  is  obvious 
that  the  scanning  of  the  field  ne«d  be  accomplished  with  only  a  few  quadrature 
divisions  compared  with  the  high  number  of  fixed  field  elements.  jifx.    ,,l-  '  ny 

The  disadvantages  of  this  method  are  thf  greater  complexity  of* the  scan 
system  due  to'the  zoom  nature  of  the  optics' and  the  greater  amount  of  external  j. 

noise  which  can  enter  the  receiver  with  the  .wide  field  of  view,     r  *'' '<' 


I/f'(  ) 


Storage  Type  Acquisition  System  '  \'  ■:y{^:;.:r'^'::-i-y^  -'^  ,     .  ~  \.    ' 

The  storage  type  system  employs  a  device  such  as  an  image  orthic on  together 
with  a  mmftQry  matrix  and  computer.     The  entire  field  of  view  is  imaged  on  the     , 
face  of  the  image  orthicon  with  the  position  of  the  target  r^ad  into  the'  memory. 
This  arrangement  is  necessary  because  there  may  be  optical  noise  sources  in  the 
field  of  view  in  addition  to  the  target.     The  image  orthicon  is  an  integrating  device 
so  that  high  frequency  recognition  modulation  cannot  be  j)laced  on  the  target  beam 
to  aid  in  target  discrimination.    A  low  frequency  modulation  can  be  placed  on  the 
target  emission,  however,  so  that  a  large  number  of  frames  will  reveal  the  Bjre- 
sence  of  the  identification  modulation.     The  longer  acquisition  time  engendered  by 
this  systena  is  offset  by  the  greater  sensitivity  of  the  detector  due  to  the  long  inte- 
gration time.     The  disadvantage  of  this  system  lies  in  the  need  for  a  memory  and 
computer.  -  .         .     '      .,:,.;•     ,  t    /  '•/'''',         -,n.''^.  '  '} 

Noise  ''  ■    '  '  - 


External  noise  in  an  optical  system  originates  from  two  principal  sources/\       ^ 
that  of  the  optical  signal  itself  and  that  from  sources  which  are  self- radiating  or 
are  reflecting  energy  from  other  sources.     Th^s  noise  both  deteriorates  the  sen-    fclf 
sitivity  of  the  receiver  and  necessitates"  discrimination  of  the  target  from  the 
other  sources.  ,  ^  ,    .  .' 

/  •  •  •  ♦  '  ■  ■  J' '         •  • 

For  an  ideal  receiver, .  regardless  of  frequency,  the  total  noise  spectral 
density  is  given  by  the  relation 


where      0(f)  =  t^al  noise  spectral  density  per  cycle  of  bandwidth, 

■_  h.  =  Planck's  constant  (6.625  X  10        erg/sec), 

k  =  Bolt/man's  constant  (1.38  X  lO'      erg/deg), 

■'  "  ■         ' .  ■      ■  '■,'.■'«'''       ".'•'■■■' 

T  =  Absc'lutc  tcmpoi^ature,       '.  . 

r  -  .  ,.     ^    ■ 

V  "  =  T'rc'MJ-.Ticy  of  radial ioTi.  f       .'    •"  ' 
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'^■:^^'^^':■■ 


At  optical  frequencies,  the  first  term  disappears  and  the  hv  term  becomes 
dominant;  at  racJio  or  micrcwave.frequencies,  hv<<   kT  and  this  first  term  goes 

to  kT.   .  --■■-  ■^\,v..  .    ■    ^W    . 

It  is  convenient,   in  the  naicrowave  region,  to  speak  in  terms  of  equivalent 
temperature  of  the  receiver.     As  a  matter  of  interest,  the  same  calculation  i  an 
be  made  at  optical  frequencies  by  setting  h  V  =    kT;  then 

■;■.;:'■/■•;-''••     T    =    hv/k.  -      ' 


14  o 

For  a  frequency  of  4.  75  x  10       cps  (6328A), 

-      ;;5-        T     =      22, 800°  K  ,,r.y 


i*> 


and 


p   ■ 

.f;  ,., 

iNoise  Figure     =     78.^;? 

''§'''^m  ^h.;T:'':n  .f     ^19  db. 


m 


This  noise  figure  is  that  of  an  ideal  receiver  and  assumes  a  uniiy  quantum  ef- 
ficiency of  the  receiver.     Even  if  the  receiver  is  noiseless,   its  quantum  efficiency  : 
is  poorer  than  one,  and  this  noise  figure  will  be,  effectively  degraded  further. 

Other  noise  entering  the  receiver  is  due  to  bodies  radiating  or  reflecting  /   • 
energy  in  the  spectral  region  of  interest.     At  night  these  sources  are  principally 
the  moon,  planets,  and  stars,  although  the  phenomena  known  as  air  glow,  aurora 
and  zodiacal  light  add  a  low -intensity,  but  detectable  backgroundi     The  earth  is  a 
large  noise  source  for  reflected  light.     This  factor  is  important  for  a  space  vehi- 
cle looking  toward  the  earth.  '■^ 

In  daytime,  the  brightest  source  by  far  is  the  sun,  but  the  atmosphere  too  is 

very  bright  and  may  be  10      to  10       watts  at  zenith  in  a  lOA  bandwidth  and  a  one- 
square -foot  aperture  having  a  0,  5"  field  of  view.  v~    ;  »     > 

The  spectral  distributiop  of  both  self-radiating  and  reflecting  extra-terrestrial 
sources  are  taken  to  be  that  of  the  sun;  this  is  a  fairly  good  approximatiott  except 
for  reflection  from  the  earth  which  will  be  discussed  in  more  detail  later. 

To  assess  the  problem  of  noise  from  extra-terrestrial  bodies,   it  is  most 

convenient  to  use  data  compiled  by  astronomers.     Unfortunately  for  this  use,  the 

brightness  unit  most  often  employed  is  that  of  stellar  magnitude.     The  i-ui'ves 

plotted  on  the  graph  shown  in  Figure  3  are  used  to  convert  stellar  magnitude 

2 
(abscissa)  into  power  density  in  watts/meter    (ordinate).     The  upper  curve  is  the 

observed  values  of  brightness  without  spectral  filtering.     The  monochromatic 

nature  of  laser  light  makes  it  possible  to  reduce  greatly  the  effect  of  c^ttf'rnal 

noise  sources  by  passing  all  received  light  through  a  narrovC>bandpass  filter.     The  . 

filtei'  greatly  attenuates  the  light  from  unwanted  noise  sources  by  passing  only  u 
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narrow  band  of  the  emitted  light  with  very  little  attenuation  of  the  laser  light.     The 

O 

lower  curve  in  Figure  3  is  a  plot  of  the  noise  passing  through  a  lOA  bandpass  filter. 

A  filter  of  this  width  can  be  obtained  without  too  many  problems  resulting  from 

frequency  shifts  due  to  temperature  variations.     Even  narrower  filters  can  be 

built,  but  these  usually  require  a  controlled  tenaperature  environntient.     It  is  seen 

3 
that  this  filter  reduces  noise  by  a  factor  of  10  . 


Plotted  on  this  curve  is  the  stellar  magnitude  of  the  moon,  Venus  and  Mars. 
Also  plotted  is  the  detector  threshold  for  a  one -square -foot  aperture,  which  is  at 
a  stellar  magnitude  of  0  order  when  the  lOA  filter  is  used.     The  only  sources  in 
the  sky  brighter  than  this  magnitude,  hence  the  only  sources  which  will  be  seen 
through  an  aperture  of  1  square  foot,  are:        -         .        ..'  -^  '■  j    '    v      " '^  v  , 


Object 


Sim 


Stellar  Magnitude 


■26.7 


Moon 


-12.6 


Venus 


-  4.4 


i,s- 


Mars 
Jupiter 
Mercury 
Saturn 
Sirius  '"'** 


Canopus 


■'■*;  '■ 


-  2.8 

■■  ;■*'■ 

-  2.5 

■'^:^k'<J0:0?: 

-   1.2 

■  ••*..  ■'■■'. 

.-^.0.4  :.■■':, 

-  .1.  58 

•■     •,r%,-'~,,,-^ 

-   0.86 

^        '                                                             '           ^ 

J^- 


From  these  data  the  brightness  of  the  moon  appears  to  be  too  great  to  make 
optical  communications  possible;  however,  this  brightness  is  from  the  whole 
moon  and  can  be  cut  down  considerably  if  only  a  portion  of  the  moon  is  viewed. 
The  sun    is  so  bright  that  communications  are  not  feasible  if  it  is  part  of  the 
background. 


The  brightness  of  the  earth  is  rather  difficult  to  define  since  thei*e  is  so  little 
data  available  on  it.     Venus  owes  its  brightness  to  its  ever  present  cloud  cover 
which  reflects  equally  over  its  surface.     The  earth,   on  the  other  hand,  is  composed 
of  large  masses  of  water  and  land.     The  water  reflectivity  depends  on  the  surface 
roughness  and  will  vary  from  0.  03  to  0,  40.     Land  reflectivity  depends  greatly  on 
"the  region  from  which  the  reflections  occtir,  the  season  of  the  year,   and  the  cloud 
cover  in  the  field  of  view.     Because  the  space  vehicle  will  use  a  receiver  with  a 
narrow  field  of  view,   it  will  look  at  only  a  small  portion  of  the  earth  at  a  time  and 
will  receive  reflected  solar  energy  which  varies  greatly  with  location.     The  ap- 
proximate reflectivities  of  various  surfaces  listed  below  are  taken  in  the  visible 
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region 


and  are  not  valid  in  the  near  infrared  since  reflection  from  vegetation  in- 


y    All    wicLt   o^v.x-  bA  »*• 

-  ■"«» — " 

.■.^,>:7,;  -i.  ;a;-«^':..i-''--'?-!^^*^--'; 

Substance 

:v''y::^:l  Albedo  '  ■i^-'  '>'■*■- 

Fresh  Snow 
Old  Snow 

x-.^.  0.80          '•■•^'v--v„. 
0.40  (approx. ) 

Grass 

■^      0.1-0,83        ^ 

Rock 

:      •  :'    0.12  -  0.15 

''    ,7;...    ^,i"     ■.  ;■  .  •'■  .  •-    *.     -  ,;  .i'.V.^  0    •■'i 

Dry  Earth 

0.14 

;.  ;  ,  ..,  .:,-.'■■ -iv;     ^  \  '';■  a.'*^:'^? 

Wet  Earth 

.'   .M      0.08  -  0.09 

■  •^■' '.■■-:>•    ■ 

Water  (Sea) 

0.03-0.40 

,^.'.''" 

Forests 

0.05 

:  J'^'y'  ''■        .          .,-.-•  ,'  -'/ 

Deserts 

0.  25  , 

^,  ■;; -v. t-r;  ■'=.■;•         v       .■■'■; 

Clouds 

0.  5  -  0. 75 

The  large  variations  of  albedo  might  make  it  worthwhile  to  locate  ground 
based  stations  in  regions  of  low  albedo.    For  example/  if  operation  is  in  the  visible 
ifVgiOTi.  the  most  suitable  area  might  be  forest  areas,  but  these  would  be  among 
the  worst  locations  for  near  infrared  operation. 

The  average  albedo  for  the  egirth  as  a  whole,  if  it  occupies  the  entire  field  of 
view,  ranges  from  0.  32  to  0.  52  which  varies  with  the  season  and  greatly  with  the 
anaount  of  cloud  cover. 

The  effect  of  these  noise  sources  on  the  acquisition  and  tracking  function  of  an 
optical  communications  system  is  twofold.    First,   it  raises  the  noise  level  of  the 
receivers,  thus  necessitating  a  greater  signal  level  at  the  receiver.     Secondly,,  the 
sources  require  a  means  of  target  discrimination  so  that  a  false  target  is  not  ac- 
quired and  tracked. 

Spectral  filtering,  as  previously  mentioned,  is  helpful  in  greatly  reducing  the 
external  noise  problem,  but  still  leaves  a  few  sources  at  least  as  bright  as  the 
laser  signal.     In  order  to  provide  discrimination  from  these  sources,   it  will  be 
necessary  to  place  identification  modulation  on  the  signal  during  the  acquisition 
phase.     The  received  signal  can  then  be  passed  through  a  narrow  bandpass  filter 
so  that  it  can  be  recognized. 
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■  :  The  Tracking  iProblem  vi 

\^;r"'  — ' —  ■■#: 

The  problem  of  tracking  with  very  narrow  beamwidths  centers  about  the  need" 
for  precision.    In  order  to  operate  a  successful  optical  communications  system, 
it  is  necessary  to  track  within  a  small  part  of  the  beamwidth  of  the  transmitter. 
Precision  of  tracking,  therefore,  must  be  of  the  order  of  0. 1  to  1.  0  second  of  arc. 
In  addition,  the  use  of  extremely,  narrow  beams  tends  to  accentuate  the  refraction  . 
and  scintillation  effects  of  the  atmosphere.     Compensation  for  these  effects  may    :v4> 
require  tracking  which  is  rapid  as  well  as  precise. 


'■^'f'l^ii:^'-' 


Tracking  Rates  between  Earth  Station  and  Space  Vehicle 


The  tracking  rates  associated  with  relative  tangential  motion  between  the  op- 
posite ends  of  the  communication  system  may  vary  widely  depending  upon  the 
precise  geometry  of  the  system.    For  example,  the  tracking  rates  may  vary  from 

'  -5  ■ 

0.  06  radian/ sec  for  an  earth  satellite  as  viewed  from  the  ground  to  7  x  10 

radian/sec,  the  rate  given  by  the  angular  velocity  of  the  earth's  rotation.    Higher 

rates  than  these  alight  be  encountered  between  two  earth  satellites  or  space 

vehicles.  '■      .■:■-■-''.;/'■  ■>         ■■'  —  :■■ 


Error  Signal  Generation 
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There  are  a  number  of  error  signal  generation  methods  used  today  which  are 
capable  of  the  high  degree  of  accuracy  necessary  for  a  laser  communication  systemi. 
The  various  types  of  devices  used  for  applications,  such  as  precision  star  tracking, 
are  well  covered  in  the  literature  and  will  not  bp  further  discussed  here.     One 
characteristic  none  of  these  has,  however,   is  a  clear-cut  capability  for  dual  use 
in  both  acquisition  and  tracking.    A  high-speed  beam  deflector  which  works  upon 
the  applica^on  of  an  electrical  signal  to  steer  or  deflect  the  beam  is  well  suited 
to  such  a  dual  role.     This  beam  deflector,   if  it  has  the  capability  of  both  relatively 
large  and  small,  precise  deflections  can  be  used  both  for  acquisition  scanning  and 
for  error,  signal  generation  in  a  conical  scan  mode.    This  type  of  beam  deflector, 
if  it  can  be  made  inertialess  as  discussed  later,  appears  to  be  the  best  suited  to 
perform  this  function. 


Bradley  and  Transit  Time  Errors 


^:^;?  ' 


If  the  laser  transmitter  and  distant  receiver  are  moving  with  respect  to  each, 
other,  the  transmitter  will  appear  to  be  at  an  angle  (X  from  its  true  position     ■', 
given  by 


<x 


Vp/c, 


where  v    is  the  relative  velocity  component  perpendicular  to  the  line  of  sight  be- 
tween transmitter  and  receiver,  and  c  is  the  velocity  of  light.     This  deviation  is 
called  the  "Bradley  error"  or  "transit  time  error"  of  the  communications  link. 
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R  is  convenient  to  remember  that  a  relative  velocity  of  1  mile/sec  results  in  a 
Bra^ey  error  of  1. 107  second  of  arc.    -ftus.  relative  tangential  velocity  m  miles 
per  second  is  approximately  equal  to  the  Bradley  error  in  seconds  oC  arc- 

Tht  orders  of  magnitude  of  Bradlipir  error  ttiat  would  be  encountered  in  optical 
conununications  links  are: 

Bradley  Error  (seconds  of  arc) 


Communication  Link 

Bradley  Ej 

Eartti  to  Earth  Satellite 

1  to  7 

Eartti  Satellite  to 

3.  to  8 

Lanar  SatelUte 

Earth  to  Hanetaxy 

5  to  25 

Probe 

~.:^,m.L 


'  ;i  s^■. 


R  is  seen  that  these  errors  are  sigaif icaaat  when  considering  beamwidths  less  Ihan 
10  seconds  of  arc. 

Atmospheric  Effects 

■  When  one  portion  of  an  opdcal  *'«—«»»«m»i«»atin«R  system  is  located  within  the 
,  •tmospbere.  its  propagation  path  is  sobject  to  losses  and  perturbatioos  caused 
principally  by  scattering  of  the  li^  by  particles  and  absorption  by  the  various 
gases.    The  subject  of  scattering  has  been  under  study,  both  ^leoretical  and  exper- 
im«rtal.  for  quite  some  time.    Ra^^ig^  in  1871,  made  the  first  quantitative  study 
of  scattering  by  small  particles.    Scattering  by  particles  much  smaller  than  a 
wa,v«l«HEth  is  commonly  called  "Raylei^  scattering"  and  shows  a  wavelength 

dqtwadwace  sudi  that  the  scattered  intmsity  is  jiroportional  to     X  Urns,  when 

nAite  li|^  is  scattered  by  smoke  or  haxe,  it  has  a  Unish  color  as  does  ttte  sky. 
The  scattering  caused  by  particles  wfai^  are  about  the  same  size  as  a  wavelength 
is  kMiWB  as  "Mie  scattering**  and  is  the  most  coniplicated  of  tiie  scattering  phen- 
Experimoktal  evidence  as  this  tjpe  of  scattering  indicates  a  depoidence 


of  scattered  intensity  on  waw  li  iigHi  tt    X     *    to    X  Hie  discrepancies  are 


wsdcnftitidly  diK  to  variatiaBS  in  tte  scattering  atmospheres  whidi  were  studied. 

the  particles  are  nndi  larger  than  a  wavelength,  no  dependence  of  scattered 
oa  wavelatgth  is  observed  so  Oat  tihe  scattered  li^  is  white  as  observed 
iUiaunated  by  the  sm. 

iil  ^  ^^•''••t  *"*^  <*  work  has  been  done  on  atmospheric  absorption  in  tiie  visible 

I ;  — *  ^'^^^^^  portKas  ci  ^e  spectrum  but  studies  with  higjh  resolution  were  made 

1 1  ciiiy  Tecewtly.    The  c<astxtacate  cf  the  atmosphere  which  cause  absorption  in  the 

I  *  ^'!'^'**  ?**'  f***^  wfcared  iM^de  acygen.  water  vapnr.  and  carixm  dicnode.    The 

8K  ■Ix^jj'      ^  *™f'*'^  ^*  ^  ***g«»^M'  re«<— pce  lines  many  of  which  are  ob- 

j|  4u.4J.k:  Oily  uaderhi^resQtatkmbecHseth^  are  quite  narrow. 


it  is  necessary  to  ^■r^min^  at- 
sorraundiiig  the  wavelength  of 


interest  for  absorption  lines.  .  1%e-He-Ne  line -at  6328A  is  in  a  favorable  region 
with  no  significant  absorption  lines  in  its  vicinity;  thus,,  it  will  suffer  no  measurable 
absorption.    However,  tile  wavelength  1.  152/li  lies  in  the  vicinity  of  five  water  vapor 
lines,   all  of  which  contribute  to  absorption  at  atmospheric  pressure.     Because  re- 
duced pressure  narrows  the  lines,  only  two  of  those  absorption  lines  contribute  to 
absorption  at  hi^  altitudes.     Itie  ruby  wavelength  is  in  a  region  of  a  niunber  of 
lines  of  both  oxygen  and  water  vapor  so  tiiat  heating  it,  thus  causing  a  change  in 
wavelength,  stibjects  it  to  a  variety  of  absorption  conditions.    Further  into  the 
infrared  region,  where  ihahy  laser  wavelengths  lie,  the  number  of  absorption  lines 
increases  ^d,  in  addition,  molecular  band  structure  becomes  important  so  that 
only  a  few  good  "windows"  exist,    'the  3.  5  and  3.  99^  lines  of  helium-xenon  are 
infrared  lines  which  exhibit  very  low  atmospheric  attenuations.  -    . 

tossed,  or' perftirDation^,  cauie'd  by  refractive  differences  in  an  active  atmos- 
phere constitute  the  other  troublesome  factor  affecting  optical  communications. 
The  atmosphere  is  characterized  by  localized  variations  in  its  index  of  refraction 
caused  by  temperature  gradients.     These  variations,   or  refractive  "cells",  are 
caused  by  turbulence  in  the  air  and  are  frequently  associated  with  regions  of  high 
wind  velocity  and/ or  wind  shear  such  as  that  found  in  the  vicinity  of  a  jet  stream. 


At  any  instant  of  time,  the  effect  of  these  refractive  cells  is  to  produce  bend- 
ing and  some  breal^up  of  a  beam  traversing  them.    This  beam  "dancing",  or 
scintillation,  causes  amplitude  variations  at  the  receiver.  ,     ■;..•■-. 

Several  investigations  were  recently  made  of  refraction  effects  over  horizontal 
paths.     Unfortunately,  these  studies  are  not  very  useful  for  a  vertical  propagation 
path  because  the  air  motions  are  so  different.     These  studies  will  have  some 
limited  application  for  propagation  angles  near  the  horizon. 

Vertical  propagation  studies  have  been  made  by  observing  stars  or  li^ts  on 
aircrsift  as  sources;  liowever,   no  known  studies  have  been  made  to  date  employing 
coherent  light  over  vertical  paths.     The  studies  which  have  been  made  indicate  that 
the  major  scintillation  effects  originate  in  a  layer  at  an  altitude  of  40,  000  to 
50,  000  feet.    Good  correlation  was  obtained  between  the  altitude  of  the  scintillating 
layer  and  wind  speeds  aloft.     The  amount  of  beam  deflection,  or  scintillation,  for 
vertical  paths  amounts  to  0.  5  second  of  arc  for  good  seeing  conditions  to  about  2 
seconds  of  arc  for  poor  conditions.     The  spectrum  of  the  noise  induced  by  scintil- 
lation appears  to  have  an  upper  limit  of  500  to  1000  cps  with  a  general  decrease  in 
amplitude  from  1  to  500  cps.     The  frequency  generally  increases  as  the  angle  from 
zenith  increases.     Thez*e  is  some  evidence  that  signal  fluctuations  caused  by  the 
atmosphere  scintillations  decrease  as  the  observing  aperture  increases,  thus  indi- 
cating an  averaging  effect  over  a  distance  of  a  foot  or  two. 

ta  <;eiiitirasi,  the  receht  woirk  done  oh  horizoiiial  paths  indicated  beam  deviations 
as  high  as  5  seconds  of  arc  with  a  frequency  spectrum  generally  decreasing  from 
1  to  100  cps  but  peaking  at  approximately  20  cps.       ,     ;;;  ■■■\-.;-...M.^..  J' 


One  other  atmosphferic  effiect  which  should  be  mentioned  for  the  sake  of  com- 
pleteness is  the  various  phenomena  which  can  be  grouped  under  the  term  atmos- 
pheric emission:  this  includes  air  glow,  aurora,  and  thermal  emission.    These 


effects,  however,  are  quite  weak  in  intensity  and  are  of  no  importance  when  a 

»  narrow  band  spectral  filter  is  useilon the  receiver.       ^   ^^^v&^^v  v^;  .  , v  ./ 

•  System  Conf  ipirations        . 

Tlie  following  discussion  concerns  the  equipment  needed  to  perform  ibe  pre- 
ciBicn  tracking  and  acquisition  tasks  treated  in  the  preceding  paragraphs.     For 
conveniaice,  the  discussion  is  divided  according  to  the  following  basic  equipment 
cdmpcnents:   beam  deflector,  modulator,  optical  system,  and  detector. 


Beam  Deflectors 


\: 


Both  tiie  acquisition  and  tracking  modes  of  operaticm  depend  on  beam  steering 
or  deflectioa.  ^  Certain  acquisition  schemes  need  deflexion  rates  up  to  1  Mc, 
while  requirements  for  both  acquisition  and  tracking  call  for  a  hi^  degree  of  pre- 
cision.   Certainly,  the  beam  deflector  must  be  capable  of  pointing  the  beam  to  a 
required  angle  to  within  one  half  of  the  beamwidth  or  less.    High  precision  de- 
flection can  be  obtained  by  purely  mechanical  means  such  as  a  moving  mirror  but 
I    r~  hi^  deflection. rates  require  accelerations  too  high  for  this  arrangement.   - 

1  -.  .       .  '  . 

r  Another  possible  arrangement,  which  could  be  more  satisfactory  if  success- 

fully implemented,  would  be  a  beam  deflection  system  which  is  electronically  con- 
trolled by  the  application  of  electrical  energy,    hi  order  to  obtain  beam  deflection 
which  is  dependent  upon  electrical  power,  and  not  on  mechanical  displacfenaent,  it 
is  necessary  to  find  a  means  to  alter  the  phase  front  of  the  light  beam.    One 
method  mi^^t  be  to  introduce  a  variable  index  of  refraction  giradient  in  a  plane' 
perpendictilar  to  tiie  direction  of  propagation  of  energy.    The  electro-optic  effect 
in  crystals,  the  elasto-optic  effect  in  crystals  or  plastics,  the  Kerr  effect  in 
certain  liquids,  or  the  Cotton -Moutcm  magneto-optic  effect  are  all  possible  means 
to  accomplish  beam  deflection  by  altering  the  index  of  refraction. 

Beam  deflection,  has  been  accomplished  using  both  the  electro-optic  and 
elasto-cqrtic  effects.    Of  the  two,  the  electro-optic  effect  in  potassium  dihydrogen 
phosphate  (KDP)  has  shown  the  greatest  promise.    Beam  deflection  through  an 
angle  of  one  half  degree  or  so  has  been  demonstrated  with  rates  in  the  kilocycle 
..,1 '  region.    Neither  the  maximum  possible  angles  nor  rates  are  represented  by  these 

jl  figures.    Tlie  state  of  the  art  in  these  devices  is  still  so  new  that  many  questions 

V  are  still  unanswered.    For  example.  Uttle  is  yet  known  about  deflection  precision, 

temperature  effects,  or  effects  of  crystal  anisotropics.  K  will  be  some  time  be-  , 
fore  a  s^iciently  complete  evaluation  can  be  made  of  this  class  of  device  to  deter- 
mmesuitability  for  the  acquisition  and  tracking  tasks  in  an  optical  commimications 

Optical  System 

coUi^tl^^Sl'^!;!^-'"  T^'^  conununlcMiona  must  serve  ««  duJ  function  d 
coiuiiatmi  U>e  traMinltter  bean  to  the  desired  size  and  to  efficientlv  collect 


The  coherent  nature  of  laser  light  makes  it  possible  to  employ  optics  for 
transnaitting  which  approach  the  diffraction  limited  value  in  size.     The  necessary 
diameter  of  optics  under  these  conditions  is  given  by  the  following  relation 


where 


_d^    s!     1.22X19,  .^'  • 

d     =     apeirture  diameter  in  centimeters, 
X     =    /wavelength  in  centimeters. 


9     ^     beamwidth  in' radians. 
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A  one-second  beamwidth,   then,  requires  an  aperture  diameter  of  17  cm.     The 
sizes  of  the  receiving  optics,   on  the  other  hand,  are  not  selected  on  the  basis  of 
diffraction  limiting  but  rather  on  the  maximum  light  gathering  power  for  allowable 
size  and  weight.     Optical  telescopes  of  large  aperture  are  usually  of  the  reflecting, 
rather  than  refracting,  type  since  weight  and  distortion  are  less.     Even  reflecting 
telescopes  become  large  as  the  aperture  is  increased  because  of  the  longer  focal 
lengths  necessary  and  will  have  a  practical  limitation  for  use  in  space  vehicles^ 
.  .■■,'■■'■■/''■...:'■'''■'    :-■  »  ■;-■  ■■,,';;"'?••**',;  ■'■■-"-•,  • 

The  extreme  accuracy  requirements  of  thei^ptical  system  calls  for  a  very 
rigid  system.     For  example,   the  maximum  allowable  deflection  of  the  focal  point 
will  be  of  the  order  of  4  x  10"^  inch  or  less.    A  way  to  meet  this  requirement  as 
well  as  to  decrease  size,  and  perhaps  weight,  is  to  shorten  the.  optical  system  by    , 
folding.     The  folded  optical  configuration  which  has  proven  most  satisfactory 
through  the  years  is  the  Cassegrain  system.  '     . 

An  optical  receiver  employing  Cassegrain  optics  is  shown  in  Figure  4.     The 
primary  mirror  is  the  collecting  aperture  and  has  a  parabolic  surface.     The 
secondary  mirror  is  placed  in  front  of  the  primary  mirror  at  such  a  distance  that    -^ 
aperture  blockage  caused  by  it  is  acceptable.    The  secondary  nairror  has  a  re- 
flecting surface  facing  the  primary  mirror  which  is  a  hyperboloid  of  revolution. 
One  focal  point  of  the  hyperbola  is  coincident  with  the  focal  point  of  the  primary 
mirror  while  the  other  focal  point  lies  within  the  system  as  shown.    Following  the 
focal  point  is  a  lens  of  short  focal  length,   such  as  an  eyepiece  lens  for  a  telescope, 
which  has  its  focal  point  coincident  with  that  of  the  hyperboloid.     The  function  of 
^this  lens  is  to  re-collimate  the  received  signal  before  it  is  passed  into  the  beam      ; 
deflector.    Between  the  lens  and  the  beam  deflector  is  a  convenient  point  to  place  ■ 
a  narrow  band  interference  filter  to  reject  all  npise  but  that  near  the< desired  wave- 
length.    The  beam  deflector  is  then  followed  by  a  detector  which  wiU  be  a  photo- 
multiplier  if  the  radiation  is  in  the  visible  or  near  infrared  portion  of  the  spectrum. 

•   Operation  of  this  receiver  is  as  follows,    booming  light  energy  from  a  wide 
field  of  view  is  collected  by  the  primary  mirror.     This  mirror,   in  conjunction  with 
the  secondary  nairror,  focusses  that  energy  on  the  focal  plane.     The  focal  plane 
lies  perpendicular  to  the  axis  of  the  optics  and  is  located  at  the  position  of  the  in-    ^ 
dicated  focal  point.     The  beam  deflector  then  acts  as  a  variable  position  field  stop 
and  selects  energy  from  only  a  tiny  area  to  be  transmitted  to  the  detector.     The 
beam  deflector,  therefore,   imparts  to  the  system^  the  capability  of  looking  at  only 
a  small  field  of  view  at  a  time  and  of  changing  that  field  at  will.        » 'r    '<      "  '    t 
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Figure  4..  Cfissegramian  Optical  SysteiQ 


Should  it  be  desirable  to  change  the  size  of  the  field  of  view,  as  in  the  variable 
field  system,  the  focal  point  of  the  le^s  tieed  oftlyTae  moved  so  that  it  is  non- 
coincident  with  that  of.  the 'secondary  mirror.  .  k  W  ff;- 

Sii'e  and  weight  reduction,  as  well  as  the  need  for  two  identical  beam  deflec- 
tors if  separate  optics  are  used  for  transmitting  and  receiving,  makes  th»^possi- 
bility  of  combining  the  two  functions  in  a  single  optical  system  attractive.     The 
difficulty  encountered  with  this  combined  system  is  that  half  the  transmitted  and 
received  signal  must  be  lost  in  the  beam  splitter  and  isolation  between  transmitter 
and  receiver  will  be  almost  impossible  to  obtain.    The  latter  problem' cannot  be 
solved  by  time  sharing  because  tracking  requireno^ents  will  necessitate  a  constantly 
tr)aulsmitt^d  signal.    * 

There  is  one  scheme,  however,  which  may  avoid  both  of  these  problems;  that 
is,  to  make  use  of  the  fact  that  lasers  are  available  which  operate  at  a  nimiber  of 
different  wavelengths,     ff  the  transmitter  and  receiver  were  to  operate  with  a 
common  optics  system  but  at  different  frequencies,  good  isolation  could  be  obtained 
through  spectral  filtering  in  the  receiver,    ff  this  were  done,  the  other  difficulty, 
that  of  power  loss  in  the  beam  splitter,  could  also  be  overcome  by  using  a  dichroic 
beam  splitter.    A  dichroic  mirror  or  beam  splitter  is  one  that  is  made  to  transmit 
at  oniB  wavelength  and  reflect  at  the  other.    Thus,  it  is  possible,  through  a  two 
color  scheme,  to  eliminate  both  major  difficulties  encountered  in  using  common     , 
optics  for  transmitting  and  receiving.    A  new  problem  which  may  arise,  however, 

'•         *•     ■  2B 
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is  one  of  dispersion.    IF  anything  in  the  path  of  the  beam,  such  as  atmosph*rie  re- 
fraction cells,  has  a  different  index  of  refraction  for  the  two  wavelengths  used, .  tha 
possibility  exists  that  they  ytUl  foUow  different  paths,    ff  the  path  directioiiA  for         - 
the  two  wavelengths  should  deviate  by  more  than  one  half  the  beaznwidth,  the  system 
could  be  rendered  inoperable. 

Detedtors  '         .'.    ■  .  ■  '  •■■  ■  .>■>'■'.', 


The  choice  of  the  optical  detector  wUl  depend  upon  the  wavelengths,  copven- 
ienqe,  and  bandwidth  requirements  of  the  partic\ilar  system  imder  study.    In  the 
visible  and  near  infrared,  the  detector  choice  will  be  a  photomultiplier  while  oper- 
ation fui*ther  ii\to  the  infrared  will^  necessitate  employment  of  one  of  the  various 
available  solid-state  detectors  t\  '  ■  ."     -  - 


Superheterodyne  detection  will  probably  not  be  employed  for  this  type  of  com- 
munication system  because  of  Doppler  shift..    For  example,  if  the  relative  velocity 
between  the  two  ends  of  the  communication  path  is  1000  miles/hour  (a  somewhat 
conservative  value)  the  output  frequency  of  the  superheterodyne  detector  due  to. 
Doppler  shift  is  700  Mc.    Therefore,  although  a  superheterodyne  optical  system 
could  be  valuable  for  extracting  Doppler  information,  it  would  be  a  hindrance  for 
a  conmiunications  system  whose  needs  are  better  served  by  a  video  detector. 


•j/R"--/-). 


Conclusions 


Long-range  communication  systems  based  on  the  laser  as  the  source  pf 
radiated  power  will  probably  prove  feasible  for  broadband  operation.    It  is  unlikely, 
however,  that  optical  systems  will  successfully  compete  with  systems  operating  at 
microwave  or  lower  frequencies  when  narrow  bandwidths  are  used.  r;  •    .: 

The  problems  of  acquisition  and  tracking  can  be  solved  assuming  the  ayailr  "'   ''^' 
ability  of  good  coarse  positiioni  information,  although  better  components  must  be  ^    ' 
developed.    Ihe  needed  components  are  precision  hi^-spieed  beam  deflectors,  '" 
wide-band  modulators  and  light,  compact  optical  systems  capable  of  withstanding 
launch  and  space  environments  without  losing  alignment.    Higfa-power  CW  lasers 
are  also  needed,  together  with  the  means  of  paralleling  several  lasers  for  in- 
creased radiated  power.    All  of  these  components  are  currently  the  subject  of  in-' 
tensive  study  in  laboratories  throughout  the  country  and  all  appear  to  be  technically 
feasible. 
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LOCATION  OF  THE  LIBRARY:   '  "  ■'■':0:-^'y:'\  ^^^■■-',  ..';.:■ 

there  are  several  approaches  to  the  "problem  of  mai,ntalning  a  library  for  a  space 
station  or  vehicle.   These  are  as  follows: 

1.   It  could  be  maintained  in  a  ground  station  or  stations. 


2.  It  could  be  maintained  in  an  orbiting  satellite. 

3.  It  could  be  maintained  on  board  the  vehicle. 

1.   GROUND  STATICMJ  LIBRARY:         .    -;  Yrl;  4^.  ;?.  ,  <;  y 
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A  complete   library  could  easily  be  maintained  on  the  ground  and  stored  for 
rapid  search  and  retrieval   in  a  Mechanized  Data^  system  such  as  FASTI  or  A-VIS. 

Fast  Access   to  Systems  Technical   Information,   FASTI, 3  was  developed  by  General 
Dynamics/Astronautics  for  the  Atlas  Weapon  System.      FASTI   is  a  program  covering 
the  preparation,   retrieval  and  display  of  technical  data.      With  FASTI,   main- 
tenance personnel  can  isolate  a  malfunction- in  15  minutes,    compared  with  five 
hours  required  with  ordinary  troubleshooting  methods   -  a  time   saving  of  95%. 

The  preparation  phase   corresponds  "^o  the  creation  of  a  troubleshooting   chart 
by  a  technical  writer.      Time  and  function  oriented  logic  diagrams  are  developed 
for  each  circuit.     These  are  then  translated  into  Boolean  algebra  equations  for 
use  in  an  IBM  7094  computer.     The  computer  does  the  decision  making  by  compiar- 
Ing  normal   indications  with  those  for  malfunctions  by  actually  failing  a  -  - 

component   in  Boolean  algebra. 

The  output  of  the  computer  includes  a  sequential  print -out  of  the  most   logical 
causes  for  each  malfunction. 

Standard  Recordak  microfilm  retrieval  and  display  equipment  is  used.      When  a 
system  indicator  reveals  a  malfunction,    the  corresponding  microfilm  index 
number   is  determined  by  the  operator.      This   index  number  is   inserted  into  the 
Recordak  machine  by  the  operator  through  a  pushbutton  command  keyboard.      The 
microfilm  record  related   to  the  malfunction  is  displayed  on  the  screen.      If 
desired,    the  operator  may  obtain  a  print  of   the  display.      If  the  malfunction  is 
not   identified  in  the  first  display,    it  calls  forth  the   index  number  of  another 
display  which  corresponds  to  the  next  most  logical   level  for.  the  malfunction. 
This  procedure   is  continued  until   the  malfunction  is   located. 

A-VIS  Is  an  experiment    in  the  area  of  mechanised  retrieval  being  conducted  by 
the  Army  Materiel  Command.      This  experiment   is  a  follow-on  feasibility  study    , 
(M)DAPS)^  resulting  from  an  earlier  investigation  conducted  by  Bell  Telephone 
Laboratories  and  Western  Electric  Company.      The  study  indicates  the  definite 
feasibility  of  developing  an  automated   information  system  featuring  audio- 
visual  concepts   in  support  of  requirements  for  operation  and' maintenance  data. 

A-VIS  consists  of  a  shoulder  height  console  with  an  automated  slide  projector, 
a  synchronized  magnetic   tape,   and  a  pair  of  earphones.      The  aural  instructions 
provide  the  user  with  step-by-step  instructions  while  the  projector  displays  an 
illustration  of  the  operation.     Changes  to  data  are  made  by  substituting  a  new 
tape  and  replacing  slides   in  the  film  chip  magazine. 
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•A-Vis'is  designed  to  provide  rapid  retrieval  and  display  of  maintenance  data 
■  including  schematics,  checklists,   troubleshooting  instructions,   adjustments    .^ 
'"■'  and  other  related  data.      It  also  provides  automation  of  certain  maintenance 

dons  such  as  reporting  unsatisfactory  equipment,   recording  data  obtainedr 
periodic  checks,  and  requilsitioning  spare  parts. 

"The  information  system  consists  of  two  rear  projection  viewers,   a  mechanized 
film-chip  magaiine  with  a  capacity  of  10,240  microfilm  chips,   and  automated 
data  collection  units.     The  operations  console  has  tyo  film-chip  magasines; 
an  "A"  screen  magaaine  for  regular  page  site  projections,   and  a  "B"  screen 
magaiine  for  large  foldout  type  illustrations,  each  having  individual  push- 
button controls.     The  film  cartridge  transport  unit  is  mechanically  positioned 
in  the  projector  for  vertical  and  horiaontal  movement.     The  console  also  has  a 
-  hard  copy  capability  so  it  does  not  tie  up  the  machine. 

When  the  need  for  information  would  be  required  by.  the  space  vehicle,   the         * 
vehicle  would  transmit  a  specific  code  number  or  numbers  to  the  library 
corresponding  to  an  indexing  system  for  the  technical  areas  covered.      The 
signal  received  at  the  ground  library  would  be  decoded  and  sent  through  the 
memory  unit  of  the  computer  which  in  turn  would  sort  out  the  requested  data 
and  transmit  it  back  to  the  requesting  vehicle  or  station  in  the  form  of  a 
video -audio  signal. 

Basically  no  aiidio  conversation  would  be  required  with  the  ground  crew,    unless 
additional  information  not  contained  within  the  library  would  be  needed.      If 
necessary,  a  pre-recorded  audio  tape  within  the  library  similar  to  that  in 
"A-VIS"  could  be  transmitted  along  with  the  video  signal.      In  addition,    should 
it  be  necessary,  a  live  video-audio  conference  could  be  arranged  between  the 
vehicle  crew  and  engineering  specialists  on  earth. 

The  information  received  in  the  vehicle  could  be  viewed  directly  on  a  master 
and  slave  monitors  of  a  closed  circuit  TV  system  and  simultaneously  tape 
recorded  for  future  reference,  allowing  it  to  be  played  back  tthrough  the  TV 
system  as  required.     Thus,   personnel  would  receive  the  most  up-to-date   instruc- 
tions for  correcting  the  problem  with  a  minimum  of  preoccupation.     A  recorder 
with  a  "stop  tape"  capability  would  be  utilised  to  greatly  Increase  the 
storage  capacity  of  printed  data.     The  "stop  tape"  feature  would  allow  one 
frame  to  be  viewed  at  a  time,  making  it  possible  to  record  a  different  page  of 
text  or  illustration  on  each  frame.     The  tape  transport  would  be  stopped  and 
"^the  individual  frame  scanned  by  a  revolving  head,   transmitting  the  image  to  a 
master  and/or  slave  monitor  screens  for  viewing. 

By  using  slow  scan  TV,  with  a  scanning  rate  of  1/2  frame  per  second,   and 
retaining  the  same  resolution  as  commercial  TV,   a  conventional  video  tape 
recorder  could  be  slowed  down  to  have  a  recording  time  60  times  longer  than 
present  off-the-shelf  units..     , 

An  audio  warning  system,   such  as  the  one  used  on  the  B-58  Hustler  should  also 
be  considered  in  the  vehicle.     As  problems  occur,  a  pre-recorded  audio  tape 
describing  the  corrective  steps  to  r4spair  the  malfunction  would  be  automati- 
cally played  over  the  PA  system.     If  ^more  than  one  failure  occurs,   the 
corrective  action  for  the  Incidence  of  primary  importance  would  be  played 
tirst.     Once  corrective  afctlon  has  been  taken,   the  tape  playback  would  advance 
to  the  next  major  failure.  r     r     j 
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The  vehicle  closed  circuit  TV  system  would  be  quite  an  asSet  in  conjunction 
with  the  audio  warning  system.  By  placing  TV  monitors  in  hazardous  or  remote 
areas  such  as  the  exterior  of  the  vehicle,  or  fuel  areas,  monitoring  could  be 
accomplished  without  exposing  the  crew  to  unnecessary  dangers. 

depending  upon  the  mission  of  the  space  vehicle,  the  transmission  requirements 
for  communications  between  the  vehicle,  and  the  ground  station  could  be  quite 
complex.   Since  the  position  would  be  constantly  ^hanging  between  the  ground 
station  and  thcT  space  station  or  vehicle,  active  cotnminication  relay  satel- 
lites and/or  additional  ground  stations  would  be  required  to  maintain  constant  . 
conmunications.  The  air-to-ground  comnuni  cat  ions  would  be  the  weakest  link  in 
the  library  system  and  thus  must  be  extremely  reliable.   This  could  be  accom- 
plished with  redundant  and/or  easily  repairable  equipment. 

Due  to  the  possibility  of  failures  in  the  vehicle  power  supply  or  in  the^' 
communications  system  itself,  a  small  library  would  have  to  be  maintained  on 
the  vehicle.   This  library  should  be  independent  of  the  comminication  and 
display  systems  and  the  vehicle  power  supply  which  are  commonly  used  as  part 
of  the  master  library  system.  This  "emergency"  library  would  contain  data 
concerning  the  power  supply,  conmunications,  and  abort  systems  stored  on  16iiin 
film.   The  viewer  could  be  hand  held  or  case  mounted^  and  contain  its  own  light 
source  and  battery  supply.  A  redundant  power  source  in  the  airborne  trans- 
mitter and  receiver  should  also  be  considered. 

The  airborne  and  ground  receiver  sensitivity  and  transmitter  output  will  be 
dependent  on  bandwidth,  airborne  power  source  available,  antenna  gain,  and 
distance.   Based  on  the  limitations  of  the  vehicle,  airborne  comnuni cat ions 
would  be  restricted  to  the  amount  of  transmitted  power  output  and  the  antenna 
configuration  as'compared  to  the  ground  station.   With  the  great  distances  in- 
volved in  space  travel  and  because  of  the  "hole  In  the  sky"  for  radio  tuans- 
mission  (1  po  10   glgacycles)*  ground  stations  such  as  Telstar's  Andover,  Iteine 
station,  elaborate  antenna  and  tracking  systems  would  be  required  for  reception 
of  the  signals  transmitted  from  the  space  vehicle.   Because  of  the  lower  antenna 
gain  on  the  vehicle,  the  ground  station  must  transmit  a  high  power  output.   The 
Andover  station  transmits  SF  at  2f  kilowatts  as  compared  to  the  received  signal 
of  api^roximately  1  plcowatt.-*-  The  satellite  transmitter  output  would  be 
approximately  2  watts  with  the  received  signal  at  about  1  nanowatt.** 

For  transmission  beyond  the  earth's  atmosphere,  the  carrier  frequencies  are 
somewhat  limited  to  a  band  between  1  and  10  gigacycles.   Below  1  glgacycle 
(1  KMC),  cosmic  noise  increases  in  amplitude  thus  reducing  the  usable  signal- 
to-noise  ratio.   Above  10  gigacycles  (10  KMC),  galactic  noise  and  water  vapor  , 
absorption  increase  RF  attenuation  and  thu^  reduce  the  usable  signal -to -noise  .  . 
ratio. 

The  conmunication  system  bandwidth,  operating  within  the  range  of  the  above-- 
mentioned frequencies,  would  be  dependent  upon  the  type  of  modulation  that  f%-   " 
would  be  used.   The  airborne  receiver-need  only  detect  the  video  and  audio  '  '.i'\ 
transmission  from  the  library,  whether  it  be  from  the  ground  or  another       •'"  ' 
satellite.   By  using  a  slow  scan  TV  system  which  transmits  and  receives  one 
frame  every  2  seconds,  the  bandwidth  would  be  150  kilocycles  per  second. 


*  1  glgacycle  ==  lO^  cycles  per  second 
+  1  plcowatt  =  10-12  watts 


**1  nanowatt  =  10-9  watts 
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would  be  quite  tine  consuming.   These  problems  would  be  alleviated  considerably 
by  the  utilisation  of  microfilm  or  photochrpmic  micro  ioages^  (Micro  Dot)  for 
storage  of  the  T.O.  library.  .,  • 

The  National  Cash  Register  Company,  Hawthorne,  California,  has  developed  a 
device  employing  a  new  technique  for  the  storage  and  dissemination  of  micro- 
documents.   The  technique,  known  as  photochromic  micro  images  (Micro-Dot) 
makes  it  possible  to  make  tremendous  reductions  ultimately  recorded  on  high 
definition  film.   Linear  reductions  of  200: 1  make  it  possible  to  record  a 
300-page  book  within  a  square  inch  o'f  film.   Expressed  in  another  way,  the  end 
item  is  a  photochromic  plate  3x5  inches  capable  of  recording  2,625  micro- 
images. With  photocliromic  micro  images  an  entire  set  of  Titan  II  technical 
manuals,  involving  approximately  21,000  pages,  could  be  recorded  on  10  3  x  5 
cards  which  could  easily  fit  in  a  shirt  pocket. 

In  the  spring  of  1963,  NCR  successfully  demonstrated  the  feasibility  of 
Micro-Dot  <under  a  contract  with  the  Navy  Bureau  of  Supplies  and  Accounts, 
Long  Beach,  California. 
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A  drawback  to  this  would  be  that  information  could  not  be  conveniently  updated. 
Corrected  infomation. would  have  to  be  transmitted  to  the  vehicle  and  new 
films  made  and  corrections  spliced  into  existing  film.   This  would  require 
other  items  such  as  cameras,  chemicals,  projectors,  editor/splicers,  etc.,  in 

addition  to  the  vehicle  conmunications  equipment.  *^ 

■  y  -  ■  ■  . 

Let  us  assume  that  a  problem  occurs,  corrective  information  would  be  obtained 
from  the  "On  Board"  library,  and  displayed  on  a  projector  or  similar  device. 
Several,  groups  of  people  may  require  this  information  simultaneously  at 
different  locations  in  the  vehicle.  Reproducing  and  delivering  this  data      . 
could  be  accomplished  with  the  closed  circuit  TV  system  mentioned  earlier  or' 
by  using  machines  such  as  Verifax,  Recordak,  Polaroid,  etc.,  to  make  hard 
print -out  copies.   Bowever,  storage  of  photographic  papers,  chemicals,  and  film 
on  board  the  vehicle  woqld  pose  an  additional  problem. 


The  major  advantage  to  this  system  would  be  that  all  of  the  basic  library 
information  would  be  self-contained  within  the  vehicle  and  not  basically 
>^>  dependent  on  an  external  source.   (See  Figure  3) 


•  ir 


In  the  event  of  a  failure   in  the  power  system  on  the  vehicle,    the  video 
recording  and  playback  equipment  and  audio  warning  systems  should  have  their 
own  secondary  power  source.  ^ 


CWCUJSICJH: 

One  of   the  main  considerations  for  deteniining' the  type  of  library  system  would  be 
the  qualifications  of  the  people  on  board   the  vehicle.      In  the  beginning,  manned 
space  shot  crew%  will  consist  of  two  or  three  astronauts  whose  primary  function 
will  be   piloting  of  the  vehicle  and  various   life  science  experiments.      The  repair 
of  malfunctioning  equipment  could  be  considered  as  secondary.      These  people 
probably  would  not  be  trained  electronic  or  mechanical  engineers,   chemists,   or 
technicians  who  would  be   familiar  with  all   the  equipment  on  board.      Therefore, 
they  might  hove  to  rely  upon  others  to  expedite  repairs.      Consequently  Approach 
Number  1,  having  the  library  on  the  ground,   would  be  the  most  workable.     A  small 
library  would  still  have 'to  be  maintained  on  board;  however,   technical  asaistance 
from  the  designers  an^  scientists  on  the  ground  would  be  feasable  and  advantageous. 
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The  frequency^,    power  output,    receiver  sensitivity,   and  other  RF  characteristics  of 
the  conmuni  cat  Ions  system  would  be  determined  after  a  careful  study  was  made  of  the 
flight  plan,   time  duration,    size  of  required  library,   etc.,    for  the  manned  vehicle 
or  station. 

It  should  be  noted  that  most  of  the   items   to  be  employed   in  this  analysis  are  not  , 
new  items   that  are  pushing  the  "state  of   the  art"  but  are  almost  all  available 
of  f-the?;shelf .  .        " 
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NON-CONVENTIONAL  COMMUNICATION 

E.  Douglas  Dean 

Newark  College  of  Engineering 

Newark,  New  Jersey 


Summary 

to  try  to  overcome  the  problem  of  time  delay  in  radio  communication  with    _ 
deep  space  missions,  a  possible  new  type  of  direct  communication  between  two  per- 
sons has  been  investigated.    The  method  consists  in  stimulating  the  first  person  by 
his  pjerforming  mental  arithmetic  operations  or  remembering  names.    Coinciding  re- 
sponses from  the  second  person  have  been  measured  with  an  electronic  plethysmo- 
graph  or  finger  volume  change  recorder.    The  response  signals  seem  to  be  larger  for 
stimulation  than  for  control  periods  over  distances  of  hundreds  of  miles.    Thus  a 
binary  code  communication  device  of  large- small  signals  (like  dots  and  dashes  of 
the  ternary  Morse  Code)  is  being  attempted. 


Introduction 

The  problem  of  time  delay  in  deep  space  radio  communication  is  sufficiently 
serious  to  warrant  searching  for  a  solution  in  any  possible  area  no  matter  how  uncon- 
ventional.   If  one  were  to  be  found,  secondary  advantages  might  be  obtained  in  a 
system  (a)  less  susceptible  of  being  jammed  than  radio,  (b)  not  affected  by  solar 
storms,  etc.    Doubtless  as  experience  suggests,  it  would  have  its  own  disadvan- 
tages also.    Wherever  possible,  conventional  solutions  should  first  be  used,  e.g., 
there  is  a  30-minute  behind-the-moon  radio  communication  blackout.    This  problem 
could  best  be  solved  by  radio.    One  would  need  one  or  two  reflecting  moon  satellites 
in  an  orbital  plane  at  right  angles  to  the  earth-moon  axis;  if  these  are  too  difficult  to 
launch  from  the  Apollo  moon  craft  travelling  in  the  plane  of  the  axis,  a  series  of  re- 
flecting satellites  with  retro-rockets,  released  successively  after  the  Apollo  has 
entered  moon  orbit  in  the  plane  of  the  earth-moon  axis ,  would  suffice  to  overcome 
the  behind-the-moon  blackout.  •  »;'         /-    v^i 

The  problem  ol  time  delay,  though,  cannot  be  overcome  by  radio.    It  involves 
a  round  trip  time  of  1  hour  20  minutes  to  Jupiter,  2  3/4  hours  to  Saturn,  eleven  hours 
to  Pluto,  9  years  to  Alpha  Centauri  the  nearest  star.    To  solv|>Athis  problem  requires 
the  investigaticj^iaf  some  other  form  than  sound  or  electromagnetic  radiation  phenom- 
ena.   If  any  other  method  exists,  it  will  be  necessary  to  check  if  this  also-ts  subject 
to  time  delay .    This  paper  is  a  report  of  four  year's  work  investigating  a  new  form. 


'— ^  Meth-Od 

;      We  are  trying  to  develop  an  observation  of  S.  FigarS  in  1958.    It  is  a  form  of 
direct  communication  measured  by  a  plethysmograph  (fifom  plethora  ~  fullness  of  blood 
in  the  circulation).    Plethysmography  is  a  well  known  method  which  has  been  used 
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for  more  than  a  hundred  years  in  human  physiology  and  psychology  and  it  provides 
an  objective  record.    The  method  is  based  on  measuring  the  change  in  volume  corre- 
lated with  changes  in  blood  circulation  of  the  extremities  of  the  body3»10  or  in  the 
whole  body*^.    Diminution  in  volume  is  generallyiinterpreted  as  vaso-constriction 
and  increase  as  vaso-dilation.    The  vascular  reaction,  based  on  the  autonomic  re- 
action is  not,  under  normal  conditions,  subject  to  voluntary  control.    Figar  used  a 
hand  plethysmograph  where  the  subject  placed  his  hand  in  a  rubber  glove,  enclosed 
by  a  temperature  controlled  water  bath.    Above  the  water  the  airtight  container  was 
connected  by  a  tube  to  a  rubber  diaphragm  operating  a  light  stylus  on  chart  paper 
moving  at  1.5  mm.  per  second.    When  the  heart  pumped,  the  pen  moved  up  and  when 
the  heart  rested,  the  pen  moved  down,  tracing  out  a  pulsed  waveform  baseline  of 
approximately  70  pulses  per  minute. 

It  has  been  showni»2  that,  when  a  person  does  a  short  period  of  mental  arith- 
metic, a  vasoconstriction  occurs,  i.e.,  a  reduction  in  volume  of  the  hand.    This 
appears  as  a  large  rapid  deflection  of  the  baseline  downwards  on  the  chart  in  Figar' s 
method^  of  measuring  direct  volume  changes.    According  to  this  method,  a  card  with 
instructions  on  vrtiat  numbers  to  multiply  was  placed  before ^the  subject.    As  soon  as 
he  began  multiplying  the  vasoconstriction  occurred.    The  pen  slowly  returned  to  the 
baseline  some  while  after  the  subject  gave  the  answer.    Figar  allowed  five  minutes 
for  the  vascular  reaction  to  subside  before  deciding  to  give  a  second  stimulus. 

In  the  original  work  Figar  noticed  a  curious  phenomenon  with  several  subjects. 
As  soon  as  he  thought  of  picking  up  the  card  on  which  were  written  instructions  about 
the  mental  arithmetic  but  before  actually  doing  so,  his  thought  was  followed  by  a 
rapid  vasoconstriction  in  his  subject's  hand.    It  seemed  as  if  there  was  some  kind  of 
jpommunication  between  Figar's  thoughts,  or  emotions  dependent  on  his  thoughts,  and 
his  subject's  vasoconstrictions.    He  went  to  the  trouble  of  designing  and  executing  , 
an  experiment^  to  measure  simultaneous  vasoconstrictions  in  two  persons,  one  of 
whom  (the  agent)  performed  mental  arithmetic  and  the  other  (the  subject)  did  not  know 
when  the  first  did  so.    He  used  two  mechanical  apparatuses,  deliberately  rejecting 
electric  or  electronic  ones  to  exclude  any  possibility  of  reciprocal  electrical  or  mag- 
netic influence.    Via  the  tubes  and  diaphragms  each  gave  a  systolic-diastolic  wave- 
form on  the  same  chart  paper. 

Examples  of  simultaneous  vasoconstrictions  are  shown  in  Figures  1  and  2. 
In  some  there  is  an  initial  rise  or  vasodilation  before  the  rapid  vasoconstriction.    In 
the  last  no  agent  curve  was  taken,  but  the  subject  produced  three  out  of  three  coin- 
ciding vasoconstrictions.  ? 

The  questions  raised  by  Figar's  work  are  whether  all  sensory  and  subliminal 
stimulation  was  eliminated  so  that  one  could  say  the  plethysmograph  vasoconstriction 
was  a  response  to  a  mental  stimulus  from  another  person.    In  our  Psi  Communications 
project  at  Newark  College  of  Engineering,  we  are  trying  to  answer  that  question.    If 
the  answer  is  negative,  then  we  are  dealing  with_  conventional  communication  subject 
to  time  delay  in  deep  space.  I         • 

Revised  Method  , 

:.vi-?ji'v  s  Fi^ar  came  to  New  York  for  three  weeks  in  1960  and  taught  me  how  to  build  a 
mechanical  apparatus.    I  was  pretty  skeptical  that  I  could  get  simultaneous  vaso- 
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constrictions  but  was  surprised  when  they  showed  on  the  charts.    I  soon  changed 
to  an  electronic  apparatus  because  with  the  mechanical  one  the  thin  rubber  dia- 
phragm broke  too  easily  in  the  middle  of  an  experiment  and  the  pens  on  the  drinking 
straws  were  troublesome.    The  finger  plethysmograph  is  made  by  the  Decker  Corpora- 
Uon  of  Philadelphia.    It  is  the  Decker  Cardiodynameter  307-1  sensing  unit  and  meter 
unit,  the  output  signals  of  which  feed  a  Massa  2-channel  Meterite  Model  BSA-250 
rectilinear  electric  writing  recorder. 

The  finger  plethysmograph  is  just  as  good  as  the  hand.    It  will  work  on  any 
finger,  thumb  or  even  the  toes.    A  plastic  cup  fits  over  the  finger  on  the  fleshy  part 
between  the  first  and  second  knuckle.    Different  sizes  are  available  to  make  the  fit 
tight  enough  to  prevent  leakage  but  not  too  tight  to  affect  the  circufttion.    A  plastic 
tube  11  mm.  outside  diameter.  8  mm.  inside  diameter,  and  40  cm.  long  joined  the  cup 
to  the  transducer  unit.    This  was  placed  in  the  next  room  with  the  tube  passed  through 
a  small  hole  in  the  solid  wall.    Transmission  of  pulse  volume  changes  along  3  meters 
was  found  possible  using  3  mm.  I.D.  flattened  plastic  tube  and  metallic  step  down 
connectors.    The  transducer  unit's  circuit  is  based  on  a  design  by  K.  S.  Lion^.    In  it 
a  pressure  capacitance  diaphragm  pickup  along  with  the  T-42  ionization  transducer 
tube  convert  minute  volume  pulsations  into  large  analogous  electrical  signals  of  the 
order  of  volts.    Thus  large  amplification  with  its  resultant  noise  is  not  necessary 
for  obtaining  a  continuous  record  of  the  volume  changes  of  the  finger.    The  vasocon- 
striction shows  as  a  large  signal  or  D.C.  baseline  shift  of  the  pulsed  waveform. 

Only  one  such  electronic  apparatus  was  used  attached  to  the  subject  who  lay 
on  a  bed,  with  his  finger  on  the  level  of  his  heart.    A  marker  pen  indicated  the  time 
during  w^ich  the  agent  was  stimulated  in  the  next  room .    We  eliminated  mental  arith- 
metic as  it  was  never  possible  to  be  sure  that  the  agent  did  the  mental  arithmetic  as 
requesrted.    Instead  we  have  used  names  written  on  cards  since  the  agent  is  definitely 
stimulated  when  he  reads  the  name.    Further,  with  names,  the  stimulation  can  be 
classified  as  1)  names  known  to  the  subject,  2)  names  known  to  the  agent,  3)  phone 
book  names  as  a  control  not  known  to  either  of  them,  and  4)<>blanks  as  a  second  con- 
trol.   Five  of  each  kind  have  been  used  making  twenty  stimulation  periods  (each 
twenty  seconds  long)  for  one  experimental  session.    The  order  of  names  and  blanks 
was  randomized  and  the  time  interval  between  stimulations  was  also  randomly  varied 
in  a  manner  not  known  to  the  subject.    Thus  with  the  blank  control  period  we  could 
sample  the  physiological  background  deflections  occurring  during  the  whole  length 
of  the  experiment  to  give  an  average  natural  movement  for  that  person  on  that  day  at 
that  time.    Any  larger  vasoconstrictions  occurring  over  and  above  the  control  average 
that  might  be  related  to  the  stimulus  could  easily  be  measured. 

Three  measurements  are  made  as  in  Figure  3:     1)  the  vertical  rectilinear  base- 
line shift  of  a  vasoconstriction  in  mm.  measured  from  the  bottom  of  the  pulse  wave 
in  both  cases,  calleid  a  DIP.    Dips  less  than  one  tenth  of  the  scale  are  ignored. 
2)  the  horizontal  time  taken  for  a  dip  to  occur  in  seconds,  named  TIME,    3)  the  hori-, 
zontal  delay  in  seconds  from  the  time  when  the  card  is  picked  up,  i.e. ,  the  start 
of  stimulus  period,  to  the  start  of  the  deflection  downwards,  called  the  LAG. 

'  ■  •         " 

The  measurements  have  been  made  on  a  double  blind  basis.  Only  dips  occur- 
ring during  a  period  are  measured.  The  periods  are  numbered  1  through  20,  but  other- 
wise the  measurer  does  not  know  which  is  which.    Most  of  the  measurements  have 
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been  done  this  way  jpy  Dr.  Carroll  B.  Nash  of  St.  Joseph's  College,  Philadelphia, 

Pa.     j=r 

The  test  then  of  whether  a  new  form  of  communication  exists  rests  on  whether 
on  average  larger  deflections  occur  during  name  periods  than  during  blanks,  on  a 
reproducible  statistical  basis.    If  it  does,  this  presents  us  with  a  method  for  con- 
verting into  a  communication  system  since  the  large  deflections  and  small  deflec- 
tions can  act  as  the  dots  and  dashes  of  the  Morse  Code. 


Results 
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After  the  subject  lay  down,  his  finger  was  connected  to  the  instnvnent.    HiS' 
elbow  and  also  his  wrist  were  supported  by  foam  rubber  so  he  could  keep  them  still 
for  about  twenty  minutes.    The  system  was  tested  for  leaks  and  the  pen  writer  was 
calibrated.    About  15  minutes  was  allowed  to  elapse  while  temperature  equilibrium 
of  the  finger  (at  98. S*?  F)  and  apparatus  (at  room  temperature  of  75°  F  +  4°  F)  was  es- 
tablished.   The  subject  also  became  relaxed  and  less  likely  to  move  during  the  ex- 
periment. 

The  names  asked  for  were  of  persons  met  recently  who  had  caused  consider- 
able emotional  impact.    The  randomizing  was  done  in  blocks  of  four  to  prevent  five 
of  one  kind  coming  together  and  coinciding  with  a  series  of  vasoconstrictions  by  an 
artifact. 

The  agent,  with  a  solid  wall  between  him  and  the  subject,  sat  at  a  desk. 
When  the  chart  tracing  was  steady  and  centered,  he  waited  for  the  sweep  second 
-hand  of  a  watch  to  come  to  the  12  position,  picked  up  the  first  card,  and  turned  on 
the  marker  pen.    He  looked  at  the  name  or  blank  for  twenty  seconds  and  then  placed 
it  face  down  and  turned  off  the  marker  switch.    After  waiting  for  the  required  random 
interval  as  on  the  prepared  time  schedule  he  picked  up  the  second  card  and  so  on  to 
the  last  card. 

An  example  of  the  kind  of  curve  obtained  is  shown  in  Figure  4.    The  subject's 
name  was  Mr.  Estebany  from  Hungary,  and  I  did  not  know  him  before  the  experimental 
series  started.    The  chart  time  goes  from  left  to  right.    The  left  point  of  the  marker 
pen  corresponds  to  the  start  of  agent  stimulation  where  he  picked  up  the  card  and  read 
the  name.    Twenty ' eeconds  late-     the  right  point  is  where  the  card  ^s  put  down  or 
the  end  of  stimulation'.  - 

#6  is  an  agent  name  and  there  is  no  plethysmographic  response.    #7  is  a 
blank  and  no  response.    #8  is  the  name  of  the  subject's  sister,  and  there  is  a  large 
vasoconstriction  the  start  of  which  coincides  with  the  start  of  the  agent's  stimula- 
tion.   She  lived  in  Hungary  and  normally  he  was  afraid  to  write  to  her.    However, 
a  family  crisis  came  up  and  he  had  to  write,  the  evening  before  this  curve  was  taken. 
This  suggested  that  recency  and  strong  emotionality  were  possible  factors. 

The  statistical  results  of  this  first  New  York  series  are  shown  in  Table  1. 
Reading  the  DIP  line,  it  is  seen  that  during  55  blank  periods  the  average  deflection 
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measured  9.00  mm.     Outlnit:  the  phone  book  control  and  agent  name  periods,  the 
average  dip  was  8.40  and  9.65  mm.    These  three  means  are  not  different  within 
the  experimental  error.    The  subject  and  subject-agent  names  averaged  14. 16  and 
14.45  mm.  w^ch  are  also  not  sensibly  different  from  each  other  but  they  are  sig- 
nificantly larger  (1.5:1)  than  the  blank  mean.    A  t   test  gives  a  probability  P  be- 
yond the  1%  level  using  the  two-tailed  test.    Reading  the  TIME  line,  it  is  seen  that 
the  TIME  measurements  back  up  this  finding.    (The  DIP  and  TIME  measurements  are 
correlated  with  a  Pearson  r  =  0.72).    From  the  LAG  line  one  can  see  that  the  blanks 
averaged  8.97  seconds  where  10.00  seconds  is  expected  on  a  random  basis;  but 
that  the  subjecths  names  are  associated  with  a  shorter  delay  but  not  significantly  so. 

With  regard  to  the  possibility  of  error  in  measuring  the  curves,  an  error  of 
2.5-3  mm.  by  the  judge  acting  positively  for  all  the  blank  control  values  and  nega- 
tively for  all  the  subject  name  values  is  required  to  close  the  difference  between  these 
means.    It  should  be  stressed  that  the  measurement  was  done  blind  without  the  per- 
son knowing  which  period  was  a  stimulation  name  and  which  a  blank  control.    Each 
read^g  was  checked  independently  by  a  second  judge  and  any  difference^agreed 
upon.    After  this  the  code  of  the  order  and  the  measurements  Were  exchanged.    At 
this  point  the  double  blind  character  is  lost  but  then  no  measurements  can  be  changed. 

Later  I  moved  to  Newark  College  of  Engineering,  New  Jersey.  ^  It  was  of  inter- 
est to  see  if  I  could  reproduce  my  own  results  in  a  new  place  with  new  subjects.    The 
diagram  in  Figure  5  shows  the  two  adjacent  rooms  we  used.    Flg\jre  6  shows  a  part 
of  a  curve  obtained.    Stimulus  #1  is  a  phone  book  control  with  no  change  in  the  base- 
line pattern.    Stimulus  #2  was  a  name  and  the  response  occurred  very  accurately 
synchronized  with  the  start  of  the  stimulus.    Figure  7  shows  stimulus  #17,  a  name 
appearing  with  a  large  response,  and  #18  a  blank  stimulus  and  no  response.    Figure 
8  shows   part  of  a  curve  given  by  Professor  Mihalasky  wAio  teaches  Industrial  and 
Management  Engineering'.    Stimulus  #1  was  a  blank,  no  response;    #2  an  agent  name 
with  a  small  response;  and  #3  the  name  of  the  subject's  two-day  old  new-bom  baby: 
this  name  coincided  with  a  large  vasoconstriction  which  took  oyer  a  minute  to  get        j 
back  to  the  original  baseline  level.    Again  the  factor  of  recency  and  strong  emotion- 
ality seem  to  be  important. 

"''  Figure  9  is  part  of  a  curve  from  a  student,  Mr.  T.  Kesollts.    He  was  condi- 

tioned by  electric  shocking  to  sets  of  three  call  letters  of  an  amateur  station  written 
on  a  card  instead  of  providing  names  of  persons  he  knew.    The  shocking  lasted  20 
seconds  each  for  eight  sets.    There  were  seven  control  sets  %vithout  shocking  and 
five  blank  controls  wrtiich  were  viewed  randomly  by  the  agent  in  the  usual  way.  Stim- 
ulus #14  is  a  blank  with  no  response.    #15  no  shock  with  a  small  reaction,  and  #16 
a  shocked  stimulus  with  a  large  vasoconstriction  occurring. 

Figure  10  shows  another  student's  reaction  from  Mr.  D.  Fenily.    This  was 
done  over  a  distance  of  35  yards  with  no  maricer  pen.    Instead  the  time  periods  were 
added  in  afterwards  by  measuring  the  time  from  a  starting  point.    Stimulus  #3  Is  a 
neutral  phone  book  name  -  no  reaction;    #4  is  an  agent  name   -   a  large  accurately 
timed  vasoconstriction,  while  the  blank  #5  occurs  during  absence  of  response. 

It  is  understood  that  all  the  examples  shown  could  have  occurred  by  chance 
so  let  us  pass  now  to  the  statistical  results.    Table  2  shows  that  from  December  to 
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March  1963  in  experiments  A  21-30  with  Professor  Mlhalasky  50  subject  name  stim- 
uli occurred  at  the  same  time  as  DIPS  averaging  9.62  mm. ,  contrasted  with  the  mean 
of  50  blank  periods  of  3.46  mm. ,  nearly  a  3:1  ratio.    Again  the  TIME  values  back  up 
this  finding;  the  LAG  also  is  less  for  subject  names  than  blanks  which  average  close 
to  the  expected  10  seconds.    In  the  next  Table  3,  a  fresh  random  control  order  was 
applied  and  the  means  were  recalculated.    The  ratio  was  reduced  to  1:1  as  expected. 
Part  of  the  reason  for  the  larger  ratio  of  3:1  than  the  original  1.5:1  was  due  to  an 
advance  in  measurement.    In  this  we  included  only  rapid  vasoconstrictions;  under 
,?  standard  conditions  the  DIP  had  to  be  equal  to  or  greater  than  the  TIME,  or  it  was 
ignored.    It  is  interesting  to  compare  the  actual  measurements  of  the  subject  name 
reactions  with  those  of  the  blanks  as  in  Table  4.    There  are  23  non-2ero  subjects  to 
only  11  blanks,  i.e. ,  twice  as  many  and  they  are  larger.    A  2  x  2  chi  square  test  of 
zero-non  zero  shows  this  to  be  a  difference  significant  at  the  1%  level.    Thus  it  seems 
that  the  original  results  were  able  to  be  repeated  in  a  new  place. 

In  the  next  series,  A  31-40,  we  flashed  a  light  to  let  Professor  Mlhalasky 
know  consciously  vfhen  the  stimulus  was  given  but  not  v^ich  one  it  was.    The  results 
are  less  with  a  DIP  ratio  of  1.7:1.    He  stated  that  far  from  helping,  the  light  hindered 
by  interrupting  his  stream  of  thinking.    Table  5  shows  both  sets  of  results;  December- 
March  blank  average  was  3.46  mm.  and  March-May  was  3.57  mm.    suggesting  a  stable 
control.    Here  the  agent  mean  dropped  from  8.04  to  3.59  mm.  close  to  the  blank  con- 
trol.   In  the  A  21-30  series  the  agent  gave  names  of  persons  met  in  the  la^t  few  days 
with  considerable  emotional  impact.    In  the  second  they  were  old  names  with  no  emo- 
tionality, suggesting  again  that  recency  and  emotionality  are  factors. 

In  the  experiments  using  adjacent  rooms,  it  was  possible  that  yfhen  the  agent 
'  read  the  name  he  subliminally  voiced  it  and  that  sound  communication  travelled  through 
the  hole  from  the  tube  to  the  subject.    So  we  gave  up  using  adjacent  rooms  and  went 
on  to  distance  experiments.    These  were  done  between  two- buildings  more  than  one- 
eight  of  a  mile  apart.    Experiments  A  41-50  with  Professor  Mlhalasky  show  a  ratio  of 
2.0:1  as  in  Table  6.    Experiments  W  01-10  with  Mr.  D.  Fenily,  a  student,  over  75 
yards  show  a  ratio  of  1.7:1.    However,  with  Fenily  the  agent  names  are  associated 
with  deflections  much  bigger  than  the  blanks  and  the  subject  names  much  less  so. 
This  seems  to  be  a  reproducible  effect  in  experiments  with  him. 

At  this  point  a  double  copper  walled  screened  room  was  placed  at  our  disposal 
by  the  Electrical  Engineering  Department  of  the  College.    This  has  a  door  with  inside 
and  outside  flanges  of  copper  that  press  against  the  metal  covered  wall.    When  the 
door  is  open,  the  strongest  radio  station,  WOR,  in  Newark,  New  Jersey,  can  be 
heard  very  loud  at  full  volume.    With  the  door  closed,  the  reception  disappeared  com> 
pletely.    Testing  with  a  noise  meter  showed  that  radio  attenuation  over  the  medium 
waveband  was  95%.  .m,;j   ..,    s-  . 

■  ■  '  * 

Table  6  shows  'the  mean  plethysmograph  results  obtained  with  Professor 
Mlhalasky  and  Mr.  Fenily  when  the  agent  was  inside  the  screened  room  and  all  ran- 
domizing of  order  and  timing  of  stimuli  was  done  after  the  double  copper  door  was 
closed.    The  results  seem  to  be  similar  with  the  agent  both  inside  and  outside  the 
screened  room.    Again,  for  Professor  Mlhalasky  the  high  ratio  is  for  subject  names 
and  for  Mr.  Fenily  it  is  for  agent  names.; ,  ,,,  v,  .i;^^-'  /,- 
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It  is  understood  that  the  results  must  be  repeated  with  a  99.99%  attenuation 
room  over  the  widest  possible  band,  which  the  College  is  building.    However,  the 
plethysmograph  method  seems  to  lend  itself  to  such  experimental  design.    If  the  re- 
sults continue,  then  we  will  have  reached  the  point  Vasiliev^'  In  Leningrad  reached 
in  1934  on  long  distance  and  in  1936  on  screening.    His  method  of  direct  communica- 
tion was  the  use  of  hypnosis  to  suggest  slafip  and  waking.    The  subject  1100  miles 
away  seemed  to  obey.    The  results  were  also  positive  when  the  subject  was  inside  a 
screened  lead  chamber  sealed  with  mercury..    If  the  plethysmograph  an(d  hypnosis 
methods  of  direct  communication  are  similar,  then  they  seem  to  have  different  proper- 
ties from  radio  with  regard  to  screening. 


f  Communication  System 

If  the  plethysmograph  reaction  is  a  reproducible  effect,  how  is  it  proposed 
to  develop  a  communications  device?    The  design  in  its  engineering  essentials  has 
already  been  worked  out  by  R.  Taetzsch^^.    The  desigri  is  based  on  sequential  sam- 
pling plans  as  used  in  quality  control  in  industry.    One  continues  to  transmit  infor- 
mation until  a  decision  is  reached  thus  increasing  the  redundancy  in  order  to  increase 
the  reliability. 


To  transmit  a  message,  we  would  switch  over  from  1)  random  times  to  fixed 
time  slots  (say  every  minute)  and  from  2)  random  stimulus  orders  (name  or  blank)  to 
orders  based  on  the  message  in  some  binary  code.    A  name  stimulus  would  be  used 
in  the  first  slot  if  the  message  translated  as  in  a  dot  of  the  Morse  Code  first;  con- 
versely a  blank  would  be  used  if  the  first  one  was  a  dash.    At  the  receiving  end  a 
large  plethysmograph  deflection  in  the  first  time  slot  would  be  translated  as  a  dot 
and  a  s^all  deflection  as  a  dash.    Each  letter  of  the  alphabet  could  be  coded  over 
some  number  of  time  slots  dependent  on  the  reliability  required.  ° 

The  process  is  slow,  but  this  is  the  price  paid  for  reliability.    We  estimate 
that  the  above  results  are  equivalent  to.  about  one  bit  per  five  minutes  with  two  out  of 
three  reliability.    Speeding  up  may  come  by  connecting  directly  into  the  sympathetic 
nervous  system  rather  than  depending  on  the  ensuing  vasoconstriction  of  the  peripher- 
al blood  vessels,  and  the  slow  return  to  base  level. 


The  process  can  also^o  into  reverse.    This  would  occur  if  the  blank  deflec- 
tions were  larger  than  those  corresponding  to  the  name  stimulus.    We  have  observed 
this  and  noticed  it  is  very  evident  with  students  at  the  time  of  a  tough  examination 
or  when  they  receive  the  news  of  flunking  a  test.    Since  we  are  measuring  uncon- 
scious mental  reactions,  it  is  to  be  expected,  Just  as  muscles  expand  and  contract, 
conditioned  reflexes  inhibit  and  disinhibit,  etc.    However,  Taetzsch's  system  provides 
a  means  of  dealing  with  this  problem.   At  intervals  Which  are  known  to  transmitter 
and  receiver,  sample  stimuli  also  known  to  transmitter  and  receiver  are  transmitted. 
If  they  are  received  as  sent,  the  unknown  received  message  is  accepted;  if  they  are 

;      received  reversed,  the  received  message  is  then  reversed  so  as  to  duplicate  the  trans- 

y^...  roitted  message. 

In  conclusion,  the  first  part  of  trying  to  solve  the  time  delay  problem  has  been 
!^«  to  look  for  some  other  form  of  communication.    This  is  perhaps  being  like  back  in  the 
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days  of  Hertz  in  1866  whanltei^aA'  tf^^Ves'Wer^  being  invawttgatedloxig  before 
crystal  detect(X-i,  vacuiun  iiiliMsVf^dbacIc  oscillators,  aailLtacgiisistors  were  known 
to  amplify  the  effect.     The  se'cmd  part,  if  some  other  fohn  seems  to  be  found,  is 
to  determine  if  the  new  form  h^#'some  properti^is  different  from  those  of  radio  as  per- 
haps occurs  in  Screening  exper^ents.    If  this  is  so,  tt  may.be  that  the  non-conven- 
tional communication  has  diffisreht  ime  delay  properties  ale<>i:;  The  third  part  then  is 
to  try  it  out  in  space  to  see  ytheti  kind  of  time  delay'the  new  form  exhibits . 
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Table  1. 
*         Mean  Plethysmograph  Responses 
New  York,  February  1961  Temperature  2 3°C   +  2°C 


Response 
Measured 

Stimulus  Name  Known  to: 

Subject 

Agent 

SA 

Subject 

Only 

S 

Agent 

Only 

A 

Neither 
Control 
N 

•     Blank 
Control 
B 

No.  Stimulus 
Periods 

33 

44 

49 

24 

55 

Mean  DIP 

mm. 
t  ref .    B 
P 

14.45 

2.96 
0.004 

1 
14.16 

2.55 
0.012 

9.65 

0.32 
n.s. 

8,40 

-0.27 
n.s. 

9.00 

Mean  TIME 

Sec. 
t  ref.    B 
P 

9.62 

2.87 
0.005 

9.14 

2.42 

0.017 

6.82 

0.22 
n.s. 

7.15 

,     9.33 

'V   n.s. 

6.46 

■  1-     '  ~ 

Mean  LAG 

sec. 
t   ref.    B 
P 

7.79 

-0.87 
0.39 

8.07 

-0.83 
0.41 

8.03 

-0.81 
0.42 

6. 47 

-1.68 
O.iO 

8.97 

The  t  values  were  obtained  using  Fisher's  formula  for  the  significance  of  the  un- 
correlated  means.  The  t  test  in  the  table  represents  the  difference  of  the  means 
in  the  first  four  categories  from  the  blank  control  means. 
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Table  2 
'  Mean  Plethysmograph  Responses 

Professor  J.  M.         A  21-30,  December  1962  -  March  1963        Temperature  2S°C  +  2°C 


..,,.■....:.: 

Stimulus  Name  Known  to: 

Response 
Measured 

Subject 

only 

S 

Agent 

only 

A 

Phone  Book 

Control 

N 

Blank 

Control 

6 

No.  of 

Stimulus 

Periods 

50 

5(: 

i       50 

-1                    '                                 '.              ■ 

50 

Mean  DIP 
mm 

9.62 

'^■'^^^"'^8.04 

7.56 

3.46 

Mean  TIME 
sec. 

1.58 

1.16 

1.22 

0.575 

Mean  LAG 
^    sec. 

7.59 

■       8.2 

8.2  ■ 

,9.82 

Amm^M^'^.^'^^^t 


■  ,04::_m^^iv 


50 


A  21-30 


*  Table  3  ,    • 

Mean  Plethysmograph  Responses 
Professor  Mihalasky        Dec.  '62  -  Mar.  '63         Temperature  23°C  +  2°C 


Subject 
Neime  : 


Blank 
Control 


Random    Control 
S  B 


DIP  (mm.) 


TIME  (sag.) 


<?  o  J 


9.62 


:':*'5  ?i: 


1.58         ; 

'■'■■  ■,     "•■ 


cj. 


3.46 


51 


7.50,"  L 

\'l  7.74 


0':4t 


^  '■'*»  i- 


•;:L 

■"'•  t  ■  ,■    .'  '■»,■  ■'■;■" •'.'•' 

r  - 

-' 

,.<■■■■■    '■  '■ 

■^^ 

"^ 

;;S          0,57 

\ 

•#■■ 

;ti^i  •*■#■;■; 

■'■^'■:-iAif&-^'y 

.. 

f' 

*.* 

-"',■■ 

■:-m-                          fai 

1. 

1.25 

,,,,,.v,,;...,^ 
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Table  4 
Professor  J.  M. ,  Newark     A  21-30 

Ranking  of  DIPS  Dialing  Subject  liame-Blank  Periods 


Rank  Subject  Name 

1  51 
'  ii"-'':i:  ,  ^    ■      40 

3  34 

4  34 

5  32 
€  30 

7  26 

8  23 

9  >  23 

10  22 

11  22 

\2  17  ' 

13  16 

14  14 

15  14 

16  12.6 

17  12 

18  12 

19  11 

20  9 

21  .9 

22  9 

23  8      - 

24  0 
27  X       0 

50  .      ,  0 


Blank 


Mean 


28 

50 

28 

20 

18.4 

14 

40 

12 
12 
12 

DIP 
mm. 

10.6 

30 

10 

8 

0 

39  X  0 


480.6 


9.62  mm. 


20 


10 
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-^-     Table  5 
Mean  Plethysmograph  Responses 


DIP  Measurements  In  mm. 


Prof.  Mihalasky 


Temp.  2  3°  C+  2°C 


Stimulus  Name  Known  to: 
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only 
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Agent 
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Book 
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Control 
B 

No.  Stimuli 
A2I-30  (Dec.'Mar.) 
A  31-40  (Mar. -May) 
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9.62 
6.08 

50 

8.04 
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Table  6 
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Mean  Plethysmograph  Responses 
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Fig.   5      Diagram  of  ExparloMital  Situation. 
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THRUST  MOUNT  AND  LAUNCH  STAND  STRUCTURAL  DESIGN 
CRITERIA  FOR  LARGE  MISSILES  AND  SPACE  VEHICLES 

By 

Ralph  0.  Winter  and  Hugh  L.  Cox 
Martin  Company,  Denver,  Colorado 


SUttlARY 


Often  it  is  necessary  to  begin  design  studies  of  a  missile 
launch  stand  and  thrust  mount  before  the  final  missile  configura- 
tion has  been  determined.   The  thrust  mount  structure  should  pro- 
vide:  (1)  dynamic  stability  for  the  missile-stand  combination 
during  captive  and  holddown  firings,  (2)  sufficient  stiffness  to 
prevent  excessive  displacements  during  engine  start  and  shutdown, 
(3)  adequate  stiffness  for  hot  and  cold  engine  gimbaling  checkouts, 
and  (4)  sufficient  stiffness  to  provide  safe  dynamic  loads  that 
may  result  from  engine  firing  malfunctions.  This  paper  provides 
generalized  basic  design  criteria  for  the  stiffness  or  spring  con- 
stant requirements  that  should  exist  at  the  vehicle  attachment 
points  for  booster  thrusts  ranging  between  300,000  and  30,000,000 
lb.  Failure  to  meet  these  criteria  could  result  in  damage  to  a 
costly  space  vehicle  or  missile.  These  criteria  also  include 
overall  vertical,  lateral,  rotational,  and  torsional  stiffness 
requirements  that  are  presented  graphically  as  thrust  versus  stiff- 
ness.  From  a  plot  of  launch  stand  stiffness  versus  vehicle-stand 
frequency,  it  is  shown  that  the  fundamental  frequency  increases 
with  increasing  stiffness  up  to  a  definite  value  of  stand  stiff- 
ness.  Thereafter,  almost  no  frequency  increase  is  gained  by 
strengthening  the  stand  beyond  this  stiffness  value. 

The  method  of  determining  launch  stand  stiffness  requirements 
is  based  on  a  dimensionless  matric  formulation  involving  free  » 
flexural  vibrations  of  missiles  mounted  on  a'Vflexible  stand.  The 
effects  of  variable  boundary  conditions  at  che  base  supporr .  vari- 
able bending  stiffness  along  the  vehicle,  and  variable  mass  dis* 
tribution  along  the  vehicle  are  considered.  A  thrust-to-weight  ■ '< 

ratio  of  1.3  is  used  since  it  was  found  that  a  il5  percent  vari-        P     ' 
ance  of  this  ratio  did  not  appreciably  change  the  stiffness  re- 
quirements of  the  launch  stand.  Bending  stiffness  at  the  base 
of  the  vehicle  is  established  as  a  function  of  booster rthrust . 
Also,  the  average  length  of  the  vehicle  as  a  function  of  thrust 
is  established  based  on  existing  missiles  and  space  vehicles. 
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Any  niftnber  of  lumped  masses  along  the  vehicle  can  be  used.  For 
a  parameter  study  of  this  nature,  ten  masses  are  chosen  to  ensure 
sufficient  accuracy.  The  problem  is  matrically  formulated  in 
standard  eigenvalue  form  for  rapid  solution  on  an  electronic  digi- 
tal computer. 

The  criteria  presented  here  are  approximate  and  cannot  apply 
to  all  launch  stands  exactly;  however,  the  criteria  requirements 
are  reasonably  accurate  and  should  permit  design  of  a  particular 
launch  stand  to  begin  early  in  the  program.  For  example,  these 
criteria  were  used  in  establishing  the  Saturn  V  launch  stand  stiff- 
ness requirements  at  the  request  of  NASA  early  in  1963.  Similar 
criteria  could  now  be  established  for  a  Post-Saturn  launch  stand 
or  any  other  large  missile  or  space  vehicle  launch  facility. 
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NOTATION 


a.    Coefficient  relating  flexural  stiffness  at  i   station  to 


1 


X 


flexural   stiffness  at   the   first   station 


b.  Coefficient   relating  mass  at    i       station  to  mass  at   the 


first    station 

2 


E  Modulus  oi  elasticity  in  lb/ in. 

f  \   Natural  frequency  in  cps 

h     Spacing  between  stations  along  vehicle  length  in  inches 

1     Subscript  which  refers  to  paramet,ers  at  a  particular  station 

I.    Average  area  moment  of  inertia  of  vehicle  cross  section  at 
i   station  in  inch 

k.    Longitudinal  spring  constant  between  i   and  i     stations 
along  vehicle  length  in  lb/ in. 

k.    Lateral  spring  constant  at  base  of  vehicle  in  lb/in. 

k     Vertical  spring  constant  at  base  of  vehicle  in  Ib/in, 

L     Total  length  of  idealized  vehicle  in  inches 

•  th     ,    .   ,^     2/ 
m.    Mass  at  i   station  in  lb-sec  /in. 

q     Last  or  highest  numbered  station 

th       '  '  '  " 

t.    Radius  of  idealized  vehicle  at  1   station  in  inches 

1  }-:. 

R  Rotational  spring  constant  at  base  of  vehicle  in  in.-lb/rad 

R.^  Torsional  spring  constant  at  base  of  vehicle  in  in.-lb/rad 

T  Booster  thrust  of  idealized  vehicle  in  pounds 

u.  Boundary  condition  parameter 

u„  Boundary  condition  parameter 

W  Weight  of  idealized  vehicle  in  pounds 
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Lcttral  dafltccion  at  i      station 
OlBMnalonlaat  boundary  condition  paraneter 
Dinanslonlcaa  natural  frequency  paraneter 
Circular  frequency 
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I.      TECHNICAL  APPROACH 


The  method  of  detenn'ining  launch  stand  stiffness  requirements 
is  based  primarily  on  a  dimensionless  matric  formulation  given  in 
Reference   (1).     Total   stiffness  requirements  will  be   developed 
for  the  lateral,   rotational,  vertical  and  torsional  directions. 
Figure  1  shows  the   idealired  vehicle  attached  to  the  launch  stand 
springs.     From  Reference   (1),    the  basic  equation  in  matric  form 
for  the  solution  of   eigenvalues  and  eigenvectors   is   given  as: 


where ; 


[AB  +  eS  +  ?N  -  A(HM  -  OC   -  pD>]Y  -  0.    .    .    .  [1] 


€   =  Boundary   spring  parameter  =  — — ;, 

"l  . 

2.3 

m^u)  n 

A,  =  Eigenvalue  ■» 


l:X-: 


EI        •  ■     "■    .  I' 

K  1  ,.:,  :-5 

^  =  Axial    load  parameter, 

a  =  Shear  parameter,  ' 

a  =  Rotary   inertial   parameter,  ;     .. 

Matrices.wlli  be    defined  after  modifying  Biquatioti    [IJ. 

For  preliminary   design  purposes,    one   can  neglect   the   effects 
of  axial  load,    shear  distortion  and  rotary  inertia   in  the  calcu- 
lation of  launch   stand  spring  constants.     JTherefore,    Equation  [1] 
can  be   reduced  to:  ] 

'  i'  ■-■•-[\^:  " 

(AB  +  eS   -  AHM]Y  -  0  !.    .'  .  I.    t    ....    [2] 
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B  « 


qxq-i 


1  -2     1 
1-2   1 


1     -2       1 
14^1      U2-2 


q-lxq 


S  - 


0       . 


ijqxo 


H  « 


q-x 


k 


2 


q-2 

3. 


i        1        1 


Equation    [2  J    can  be  rewritten  in  standard  eigenvalue  form  by 
combining  matrices . 

Ut  A'B'   -  AB  +  eS  ji  ^    ■    ■■ 

Now  Equation    [2]. becomes:  j 

« 

(A'B'    -  AHMjY  -  0  [3) 


1 


^.Hi^mv''  ■ 


.'*■;»;: ;::i«ff  ■^&'fbfr-i:i 


A'l*  - 


•2 

-^•2 

( 

•3. 

-^•3 

•3 

•4 

■=^•4 

'4 

j 

■ 

• 

• 

' 

• 

• 

• 

« 

• 

• 

• 

•q(^^l) 

\(-2-^) 

^' 

c 

V,  aitd  tt^  *r«  boundary  condition  par«B«t«rs  defined  In  Reference 
(I)  «»: 


.   ...    14] 


tt  cwi  b*  «hcnm  thkt: 


u.    +•  u|  •  I. 


All  aetrlces  of  Equation  13]  are  in  diawnalonleas  forai  except 
for  the  cl^nv«ctor,  T.     This  feature  enablea  one  to  sake  an  ex> 
cenalv*  paraattccr  study  of  a  broad  range  of  miasllea  and  space 
vehicle*.     Average  aaaa  and  bending  ttlffneea  ratio  diatrlbutlons 
fliust  be  determined  along  a  typical  multlatage  space  vehicle.     Pa> 
raaeters  to  be  varied  are  the  stand  springs.    The  practical  upper 
a«td  lower  lialts  of  these  springs  for  any  given  thrust  can  then 
be  deterained  by  inspecting  the  variance  of  the  frequency  paraa- 
eter  with  the  spring  stiffness  parameters.     This  inspection  re> 
veals  that,  up  to  a  point,   Increasing  spring  stiffnass  increaaaa 
tha  frequaaey  paraaster;  however,  beyond  a  certain  point  or  range, 
a  continued  increase  in  s|>rlng  stiffness  does  not  apprtciably  in> 
create  the  frequency  paraawter,  ^. 
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II .      DETERMINATION  OF  LATERAL  AND  ROTATIONAL  STAND  SPRINGS 


Studies  were   made   to  determine   the   bending  stiffness  at   the 
base   of  several  U.S.  missiles  and  space  vehicles.      Results  are 
shown   in  Figure   2  which  shows  how  EI  at   the  vehicle  base  varies 
with    thrust.     The   relationship  between  missile   length  and   thrust 
is  also  needed,   which   is  shown  in  Figure   3.     Although  some  varia- 
tion  is  certain   to  exist,    these  curvef  depict  the   average   length 
and  bending  stiffness  as  a  function  of   thrust  of   known  missiles 
and  space  ve4licles.     The  existing  trend   is   then  projected   for 
thrusts  up  to  30,000,000  pounds. 

The  required  values  or   stiffnesses  of   the   lateral   stand  spring, 
k.  ,    and  the  rotational  stand  spring,   R,   may  be  determined  as  a 

function  of  thrust.     For  a  solution  of  k,  ,    the  rotational  spring 

is  made  infinite.      Similarly,    in  solving  for  R,    the   lateral  spring 
is  made   infinite.     A  lumped  mass  system  of  ten  masses    is  consid- 
ered  to  ensure   sufficient  accuracy   in  the   final  results.     The   fol- 
lowing mass  and  bending  stiffness  ratio  distribution    (Table   1) 
which  agrees  reasonably  well  with  existing  vehicles,    is  assumed 
for  all  booster    thrusts: 


Table 

1      Mass 

and  Bending  Stiffness 

Ratios 

Station 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Percent  of 
Total  Mass 

0.03 

0.04 

0.05 

0.08 

0.09 

0.11 

0.14 

0.15 

0.15 

0.16 

Percent  of 

0.125 

0.1667 

0.250 

0.4167 

0.500 

0.6667 

0.8333 

0.9167 

1.0 

1.0 

In  the   solution  for   lateral  stiffness,    k,  ,   a  missile  or   space 

vehicle  with  any  given  thrust  in  the  range  under   consideration 
may  be  used   for   establishing   the   stiffness   criteria  of   the  entire 
thrust  range,    since  dimensionless   parameters  are   used.     With  i^ef- 
erence  to  Equation    [3]   and  Table   1,    It   follows   that: 
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LENGTH,  L  (FT) 
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Notice  that  actual  values  need  not  "be  known  since  matrix  A' 
contains  the  ratios  of  average  bending  stiffnesses  along  the  ve- 
hicle which  of  course  apply  to  all  sizes  of  vehicles  under  con- 
sideration. 

In  writing  matrix  B',  the  rotational  spring,  R,  is  made  in- 
iEinitely  stiff.  Thus,  with  reference  to  Equation  [4],  u,  ■  1  and 
u„  =  0.  ^ 
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Matrix  B'  contains  first  order  difference  patterns  as  well 
as  the  only  variable,  e.  This  variable  will  be  given  several 
values  after  defining  the  remaining  matrices  of  Equation  [3  1 
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M  is   a  matrix  of   mass   ratios 
is   seen   that: 


Frorti  Equation    [2]   and  Table   1,    it 


M  * 


1.33 
1.67 
,  2.67 


3.00 


.67 
4.67 
5.00 
5.00 
5.33 
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The  variable,  e ,  is  a  boundary  spring  parameter  defined  in 
Equation  [l].   Five  different  values  are  assigned  this  variable 
to  plot  a  dimensionless  curve  from  which  the  upper  and  lower  lim- 
its of  lateral  stiffness  can  be  chosen.   Experimental  solutions 
indicate  that  for  a  practical  range  of  the  eigenvalue,  A  ,  the 

highest  value  of  e  should  be  308,  while  the  lowest  value  should  i 
be  0.0308  with  factors  of  ten  in  between.  Hence,  five  cases  are 
matrically  formulated  from  Equation  [3]  for  solution  on  a  digital 
computer.  Ten  eigenvalues  and  modes  are  found  for  each  case  with 
the  primary  interest  directed  toward  only  the  first  eigenvalue, 
A^  .   The  square  roots  of  these  values  are  plotted  against  the 

boundary  spring  parameters,  €,  in  Figure  4."^  The  square  root  of 
the  eigenvalue  is  plotted  because  the  frequency  varies  with  the 
square  .root  of  A.   From  this  curve  one  may  select  an  upper  and 
' lower  limit  of  e  as  shown  in  Figure  4.   As  a  check,  the  fundamen- 
tal frequency,  f ^ ,  is  plotted  against  the  stand  lateral  spring,  " 

Ic  ,  which  is  shown  in  Figure  5  for  a  particular  example  where 

T  =  3,000,000  pounds.   This  curve  is  applicable  only  for  a  ve- 
hicle having  a  booster  thrust  of  3,000,000  pounds,  whereas  the 
curve  of  Figure  4  is  dimensionless  and  applicable  for  any  thrust. 
The  value's  of  4  and  9  for  €  in  Figure  4  are  used  in  determining 
the  lateral  stand-stiffness  requirements.   From  the  definition  of 
e  under  Equation  [l],  one  can  compute  the  value  of  k,  for  various 

thrusts  since  the  length  (or  h)  and  base  bending  stiffness,  EI  ,  .. 

have  been  established  as  a  function  of  thrust  in  Figures  '2  and  3 
respectively.  The  results  of  these  computations  are  shown  in  ,_ 
columns  13  and  14  of  Table  2  -and  also  in  Figure  6.  ...J.:: 
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In  the  solution  for  totatlonal  stiffness.  R.  the  sane  ideal ixed 
vehiSe   is  "eS      ?or  this  solution,  the  lateral  spring,  k,.  is 

«de  infinitely  stiff.  This  condition  "»"Jj^«  ^;;%:;;;,ri2  a 
(Pig.  1)  from  translation.  Hence,  this  restriction  results  in  a 
9  degree  of  freedom  system. 

1.33 
2,00 
2.33 
4.00 

5.33 
6,67 
7.33 
8,00 
8,00 

Matrix  B     is  somewhat  different  since  the  variable,   e,    is  re- 
placed by  a  new  variable,  u^,  defined  in  Equation   [4]. 
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u     Is  a  function  of  the  rotational  spring  constant,  R,    the  bending 

stiffness  at  the  base  of  the  vehicle,  EI   ,  and  the  spacing  between 

mass  stations,  h.     EI     and  h  are  fixed  quantities  for  a  given 

thrust.     The  rotational  spring  constant   is  assigned  five  different 
values  so  that  a  smooth  curve  may  again  be  obtained  for   selecting 
the  upper  and  lower   bounds  of  this  spring  constant. 
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It  is  obvious  from  Equation  [4]  that  u.  may  vary  from  -1.0 

to  -t-L.O.  Five  cases  were  matrlcally  formulated  for  solution  on 
a  digital  computer.  As  In  the  previous  parameter  study,  the  for- 
mulation and  solution  of  five  different  cases  is  very  rapid  since 
only  one  element  of  the  B'  matrix  requires  different  values.  Again, 
ten  eigenvalues  and  modes  are  found  for  each  of  the  five  cases . 
A  dimenslonless  plot  of  u.  vs JaT  (where  \    is  the  fundamental 

eigenvalue)  is  shown  in  Figure  7.   Due  to  the  gradual  change  In 
slope  of  the  right  side  of  this  curve,  it  is  very  difficult  to 
select  definite  limits  for  the  parameter,  u^ .   Hence,  a  plot  of 

fundamental  frequency  vs  the  rotational  spring,  R,  is  given  in 
Figure  8  for  T  =  3,000,000  pounds,   A  more  definite  slope  change 
is  seen  here  from  which  the  limits  of  R  are  selected  and  also    ■,, 
established  for  the  dimenslonless  plot.   The  values  of  1.24  x  10 

and  2.28  x  10   correspond  with  values  for  u^  of  -0.10  and  0.30, 

respectively.  These  latter  parameter  values  may  be  used  to  deter- 
mine the  rotational  spring  stiffness  requirements  of  launch  stands 
for  the  entire  range  of  vehicle  thrusts  considered.  From  Equation 
[4],  for  the  upper  and  lower  values  of  u,  ,  one  may  calculate  R  for 

different  thrust  values  since  EI  and  L  (and  hence  h)  are  given 

in  Figures  2  and  3  as  a  function  of_,  thrust.   These  R  values  vs 
thrust  are  computed  in  columns  11  and  12  of  Table  2  and  are  plotted 
in  Figure  9 . 


III.   DETERMINATION  OF  VERTICAL  SPRING  CONSTANTS 


In  the  solution  for  vertical  stiffness,  k  ,  a  slightly  dif- 

» 

fereht  approach   is  used    in  the  development   of   the   required  vertical 
stiffness    for   launch  stands.      The    idealized   model    is   shown   in 
Figure    10  which  consi-ders    longitudinal  motion  only.      The   vertical 
spring   in  the  launch  stand   is  represented  by  k   ,  while    longitudi- 
nal vehicle   springs  exist  between  each  mass.     The  matric   formula- 
tion for   this   problem  is   based  on  a  method   given   in  Reference    (2). 
Essentially,  a  matric  formulation   is  developed  for  the   free  vibra- 
tions of  a    linearly  coupled   vibrating  system  of  many   spiings  and 
masses.      For  application  to   this  problem,    the  equations   of  motion 
may  be  expressed  as: 

i  (C.  -  AD)   X  =  0    .    .         ,    ,      [51 
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FIGURE  9     STAND  ROTATIONAL  SPRING  CONSTANT  VS  THRUST 
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where  C   is   the  spring  matrix,   D  is   the  mass  matrix,   and  X  is  the 
eigenvector.      Since  a  parameter  study  is  desired,    both  the  C  matrix 
and  the  D  matrix  can  be  expressed   in  nondimensional  form.      If  each 
element   in  matrix  C   is  divided  by  k     with  the  resulting  matrix 

designated  C'  and  if  each  element  in  matrix  D  is  divided  by  m, 

with  the  resulting  matrix  designated  D 
expressed  as: 


"1 


then  Equation  [5]  may  be 


iC  -   XD')  X  =  0 

The  nondimensional  eigenvalue,  A,  is  now  expressed  as; 


[6] 


r'l?! 


.        "1  2 

A  =  ; —  u 

•^2 


[7] 


The  spring  constant.  k2,  must  be  found  as  well  as  the  relative 
values  of  the  remaining  springs.  Longitudinal  springs  in  a  mis- 
sile are  a  complex  function  of  tank  dome  flexibiUty  as  we!l  as 
axxal  deformation  in  the  outer  ring  and  stringers.  As  a  general 

.moll  n,-  1.  /ii-iiuet  or  length,  h,  and  having  a  relativelv 
small  thickness,  the  lonEitudinal  op.,-4„„  ..  leiamveiy 
as:  longitudinal  spring  constant  may  be  expressed 


as 


''J'f^^l^^^Wi^^^W^'':^: 
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2EI 

kj J    i  -  2  10,  [8] 

where,  EI   is  the  average  stiffness  of  the  section  and  r.  is  the 

radius  of  the  particular  section.   To  account  approximately  for 
tank  dome  flexibilities.  Equation  [8]  may  be  reduced  by  a  factor 
of  2 .  Hence , 

EI 
\   -  — ^    i  -  2  10.  [9] 

^^ 

Based  on  actual  base  diameters  of  existing  missiles  and  space  ve- 
hicles, the  radius  at  the  base  of  vehicles  is  shovm  in  Figure  11 
as  a  function  of  the  thrust  range  under  consideration.  Current 
design  practice  has  shown  that  the  ratios  of  vehicle  longitudinal 
springs  should  be  approximately  like  that  shown  in  matrix  C'. 
The  value  of  A  in  Equation  [6]  can  be  determined  with  k  /  k  as 
the  only  variable.   The  matrices  are: 


ft..)-. 
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-1 

' 

1 

+2 

-1 

-1 

+2        -1 
-1      1.75 
-0.75 

-0.75 

1.50 

-0.75 

-0.75 

1.50 

-0.75 

-0.75 

1.25 

-0.50 

-0.50 

1.00  ' 
-0.50 

-0.50 
'  0.50 
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D  = 


1.0 

0.9375  . 

0.0375 

0.875 

0.6875 

0.5625 
,:;,,  -f    ..  '\      I   ■■  .0.50 

0.3125 

0.25 
'    '  0.1875 

where  D'  is"* based  on  the  same  mass  ratios  used  in  Table  1. 


Jp'iS.j 


Values  of  the  ratios  of  k  /  k.  have  been  assumed  from  0.12 

v/  2 

through  100,  and  the  corresponding  values  of  A  have  been  deter- 

y   mined  from  Equation  [6]  for  a  selected  number  of  ratios  of  k  /  k„ . 

The  results,  of  the  solutions  and  the  range  for  determining  k  are 

shown  in  Figure  12.  Values  of  k„  can  be  determined  from  Equation 

[9]  by  reference  to  Figures  2,  3,  and  11  for  various  thrust  values. 
From  Figure  12,  the  selected  lower  and  upper  limits  of  k  /kj  are 


2  and  5. 


Therefore,  since  k^  is  known  as  a  function  of  thrust, 


k  may  be  established  as  a  function  of  thrust  for  the  lower  and 
upper  limits  of  2  and  5.   Calculations  for  k  are  shown  in  columns 
22  and  23  of  Table  2  and  finally  in  Figure  13. 


^' 


i 


IV.   DETERMINATION  OF  TORSIONAL  SPRING  CONSIAMTS 


It  can  be  shown  that  the  total  torsional  spring  constant  at 
the  vehicle  attachment  points  is: 


«T  -  2^ 


[10] 


' -, -,J~   Using  the  above  relationship  and  the  results  of  Figures  11  and  6, 
'^  one  can  deyelop  Figure  14  which  shows  the  torsional  spring  constant 

y     requirements  vs  thrust. 
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FIGURE   12     SELECTION  OF  LIMITS  FOR    k 
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V.   FUNDAMENTAL  FREQUENCY  CONSIDERATIONS 


Although  the  primary  objective  of  this  paper  is  to  establish 
the  overall  total  stiffness  requirements  that  should  exist  at  the 
vehicle  attachment  points  for  a  large  rang«  of  booster  thrusts, 
the  prediction  of  fundamental  structural  frequencies  may  also  be 
of  interest  to  the  vehicle  designer.  From  the  expression  for  >, 
under  Equation  [1],  and  using  0.0065  as  an  approximate  value  for 
"h   ,   obtained  from  Figure  4,  one  can  easily  find  the  lateral  funda^ 

mental  frequency  of  the  vehicle-stand  combination  for  any  thrust. 
The  calculations  are  made  in  Columns  15  thru  18  in  Table  2,  and 
the  results  are  shown  in  Figure  15.   Similarly  from  Equation  [7] 
and  Figure  12,  one  can  solve  for  the  vertical  fundamental  fre- 
quency of  the  system  shown  in  Figure  10  for  any  thrust.   These 
calculations  are  made  in  columns  24  through  27  of  Table  2  wh_ile 
the  results  are  shown  in  Figure  16. 


VI .   CONCLUSIONS 


Once  the  approximate  size  of  a  proposed  launch  vehicle  ^as 
been  established,  the  launch  or  test  stand  design  engineer  may 
establish  the  thrust-mount  stiffness  requirements  at  the  vehicle 
attachment  points  simply  by  referring  to  Figures  6,  9,  13,  and  14. 
Therefore,  design  of  the  launch  stand  can  proceed  long  before  the 
final  flight  vehicle  mass  and  stiffness  data  are  available.   Ex- 
perience on  the  Titan  and  Saturn  programs  has  shown  that  the  stiff- 
ness criteria  requirements  presented  in  this  paper  provide  the 
flight  vehicle  with  economically  and  technically  sound  boundary 
conditions.  For  example,  these  stiffness  criteria  were  used  early 
in  1963  for  establishing  the  Saturn  V  launcher  stiffness  require- 
ments prior  to  design  of  the  launcher-umbilical  tower  as  given   f  . 
in  Reference  (3).   Detailed  analysis  has  shown  that  the  dynamic  .^1^,,;^.,,. 
loads  imposed  on  the  flight  vehicle  from  wind,  engine  start  mal-  J   ''   | 
functions,  and  engine  gimbaling  will  not  be  unreasonably  excessive  "i«--4 
when  the  launch  stand  stiffness  requirements  recommended  herein       ;; 

are  met.  ; 
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GROUND  SUPPORT  FC«  MAN  IN  SPACE 


Brigadier  General  T.  J,  Hayes 

Assistant  to  the  Chief  of  Engineers,  U.  S.  Army 

Washington,  D.  C. 


Since  man  first  conceived  the  idea  of  rockets,  he  has  been  concerned  with 
facilities  to  launch  them,  and  engineer's  have  had  to  design  and  build  them. 
Initially,  they  were  relatively  simple.   However,  the  rapid  intensification  of 
manned  space  flight  efforts  in  recent  years  has  led  to  even  larger  and  more 
sophisticated  launch  vehicles,  and  corresponding  developments  in  launch  concepts. 
The  result  has  been  a  vast  ground  support  effort  for  man  in  space  --  itself  a 
-major  challenge  of  the  national  space  effort. 

As  those  of  us  engaged  in  aerospace  activities  know  better  than  most,  this 
Nation  has  made  giant  strides  in  the  aerospace  field  since  the  end  of  World  War  II, 
when  the  Array  started  testing  variations  of  captured  German  rockets  at  the  White 
Sands  Missile  Range  in  New  Mexico.   During  the  years  that  followed,  Jhe  simple 
rocket  has  been  developed  into  a  complex  family  of  ballistic  missiles. 

The  most  advanced  are  the  great  ICBM's  which  can  carry  nuclear  warheads  to 
targets  a  continent  away.   The  Army  Engineers  have  built  hundreds  of  launchers  for 
these,  of  several  different  types,  as  the  weapons  and  their  ground  support  evolved. 

It  was  highly  specialized  work  --  an  engineer's  dream  which  often  became  a 
nightmare  --  a  tremendous  team  effort  without  parallel  in  the  Nation's  history  of 
construction  which  received  fitting  recognition  in  1962  as  the  outstanding  Civil 
Engineering  achievement  of  the  year. 

Today,  with  hundreds  of  ICBM's  on  the  alert,  we  are  over  the  hump  in  the 
urgent,  nationwide  program  which  so  greatly  strengthened  the  defenses  'of  this 
country.   The  same  technology  that  achieved  this  vital  military  success  also  ush- 
ered in"  the  Space  Age  and  made  it  possible  for  man  to  set  new  goals  far  beyond  our 
earth. 

A  space  age  revolution  is  sweeping  our  country,  propelled  by  the  impetus'  of 
The  National  Aeronautics  and  Space  Administration's  Manned  Space  Flight  Program  as 
it  builds  up  to  its  great  climax.  .■  , 

A  few  years  from  now  NASA  will  launch  three  astronauts  in  lunar  orbit  100 
miles  above  the  moon.   Once  in  this  "Parking  Orbit"  two  of  the  spacemen  will  leave 
their  Apollo  mother  ship  and  head  for  the  lunar  surface  in  a  1'2  ton,  bug-shaped 
shuttle. 

They  will  land,  perform  their  exploring  mission,  rejoin  their  Apollo  vehicle 
and  return  to  earth.   When  this  has  been  accompli shed, ^^they  will  have  fulfilled  one 
of  mankind's  most  ambitious  dreams.   Yet,  the  logical  sequels  are  even  more  far- 
reaching".  :  -' 

,      A  manned  base  on  the  moon,      ■' 
■  k'        Manned  flights  to  other  planets. 

Unmanned  probes  of  other  parts  of  our  universe. 

Astronomical  observatories  orbiting  in  space,   .     »  . 

99 


A  vital  element  of  this  Space  Program  is  the  development  of  a  vast  array  of 
rocket  and  spacecraft  fabrication  and  assembly  plants,  as  well  as  ground-testing 
and  launching  facilities,  in  a  year-round -warm  climate. 

Here,  along  a  1500  mile  crescent  starting  on  a  lake  front  in  Eastern  Texas 
down  below  Houston  and  sweeping  through  the  South  to  a  swampland  on  Florida's 
Banana  River,  are  the  major  NASA  Centers  which  are  engaged  in  the  Manned  Space 
Flight  effort.   Their  work  has  been  called  the  beginning  of  a  new  and  basic  industry, 
sired  by  the  missile  age  for  the  21st  Century.   But  it's  also  an  Industry  based  on 
solid  construction,  for  without  adequate  construction  support  this  program  could 
never  be  undertaken. 

The  Army  Engineers  are  playing  a  major  role  in  this  effort.  Our  part 
includes  a  number  of  different  activities.  However,  at  this  stage  of  this  rapidly 
moving  space  program  our  most  important  contribution  is  a  massive  construction 
buildup.   (Figure  1)  -  , 

Today  our  space  projects  include  complex  facilities  at  a  number  of  locations 
for  the  National  Aeronautics  and  Space  Administration  and  the  Air  Force's  Space 
Systems  Division.  Examples  are: 

1.  Rocket  engine  test  stands  in  California,  and 

2.  Test  facilities  for  the  Lunar  Excursion  Vehicle  at  WSMR,  ;,;\j-  ^f',^' ■■}■■'. . 
New  Mexico. 

However,  the  bulk  of  our  space  work  is  at  the  four  Centers  on  the  Gulf 
Crescent  -- 

1.  The  Manned  Spacecraft  Center  at  Houston  which  develops  the 
spacecraft. 

2.  The  Marshall  Space  Flight  Center  at  Huntsvi He,  Alabama  which 
develops  the  rocket  engines. 

3.  The  quarter  billion  dollar  facility  in  Mississippi  for  testing 
,  the  space  boosters. 

4.  The  billion  dollar  spaceport  at  Cape  Kennedy. 

In  part,  the  assignment  of  this  critical  work  to  the  Corps  derives  from  our 
vast  experience  in  large  and  critical  construction.   But  it  also  reflects  the 
dependence  of  this  Space  Program  on  the  navigable  waterway  system,  which  the  Corps 
has  developed  over  the  years^,  (Figure  1).  These  four  key  Centers  all  adjoin  our 
waterways,  since  the  giant  boosters  of  the  space  program  are  too  large  to  travel 
except  by  water. 

The  Aiir  Force's  Atlas  and  Titan  were  developed  as  ICBM's,  but  are  also  the 
mainstays  of  the  Space  Program  until  the  Saturn  boosters  become  available. 

1.  Atlas,  among  other  things,  launched  the  earth-orbiting  c^sules 
of  the  four  astronauts  in  Project  Mercury. 

2.  Titan  will  be  used  for  our  second  step  in  space,  Project  Gemini, 
which  will  put  two  men  into  earth  orbit  for  periods  of  a  week 

or  more.  There  they  will  bring  two  spacecraft  together  and 
join  in  space  —  essential  exp|rience  for  Project  Apollo, 

3.  The  two-stage  Saturn  I-B  will  be  used  for  earth  orbital 

development  flights  of  the  Apollo  spacecraft  and  for  training 
the  lunar  crews ,  ,  i  •* 


4.     Perhaps  the  most  urgent  engineering  challenge  of  Apollo   is 

the  development  of  the   three-stage  Saturn  V  —   a  launch  vehicle 
-      powerful  enough  to  send  the  equivalent  weight  of  two  freight 
cars  hurtling  across   230,000  miles  of  space  to  a  lunar   Landing. 

The  J-2  and  F-1  engines  for  the  various  stages  of  the  Saturn  V  vehicle  will 
provide  power  for  the  Apollo  launch  vehicles.  These  engines  are  huge;  they  dwarf 
a  man. 

Each  of   these  engines  must  undergo  a  successful  test  firing  before   It  becomes 
part  of  a  space  vehicle.     This  requires  construction  of  a  carefully  instrumented 
and  controlled  test  stand,   where  the  engine  can  be   anchored  down,    and  then   turned 
on  full  force  for  a  static   test.      (Figure  2)     One   indication  of   the  forces   at 
work  is  that  this  F-1  engine  consumes  one  ton  of  kerosene   (RF-1)    and  two   tons  of 
liquid  oxygen   (LOX)   per  second. 

Development  of  these  engines  and 'launch  vehicles  is   the  responsibility  of 
Dr.   von  Braun  who  heads  MSFC  at  Huntsville;     There   a  number  of   stands  have  been  ^ 
built  for  static  test  of   the  various  engines.     Such  a  stand  combines  the  problems 
of  high  stress  and  vibration,    tremendous   thrust,    torrents  of     incandescent  gases, 
and  elaborate  plumbing  for  various  exotic  rocket  propellents,    all  In  a  single 
massive  structure. 

Some  stands  are  for   individual  engines,   but   the  stand  in  Figure  3   1s  now 
under  construction  at  MSFC  to  test  the  cluster  of   five  F-1  engines  which  will  make 
up   the  booster   stage  of   the  Saturn  V  launch  vehicle.     Each  of   the  concrete  pylons 
is  48  ft  square  at  the  base. 

The  growing  power  of  engines  and   stages  which  must  be  test  fired  called  for 
a  new  test  center  at  an  isolated  location,  but  still  with  access  by  water  to  the 
Gulf.     This   led  to  the  decision  to  build  the  MTF  in  Southern  Mississippi,    about  40 
miles  northeast  of  Hew  Orleans. 

Construction  began  on  this  unusual  facility  a  year  ago.     Initial  work  Includes 
four  stands  for  test  firings  of  the  Saturn  V  boosters.      (Figure  4)     The   test  area 
will  be  serviced  by  15  miles  of  canals   so  that  the   large  rocket  stages  pan  come  in 
by  barge  and  be  unloaded  directly  on  the  static  test  stands. 

Figure  5   shows  the  concept  of  one  of  the  400   ft  dual  position     stands   to  be 
built,,  showing  the  Satutn  booster  being  transferred  from  its  barge.     The  five  F-1 
engines  of  this  booster  generate  the  combined  power  of  one-half  million  automobiles. 
Imagine  the  problems  of  anchoring  down   something  so  powerful  l|t  can  lift  4,000 
tons  off  the  earth  or  put   120  tons  into  orbiti     This  work  at  Huntsville  and 
Mississippi   is  being  catried  out  by  our  District  Eingineer  at  Mobile. 

Meanwhllp,   in  Eastern  Texas  near  Houston, -our  Fort  Worth  District  is  building 
the  ultra-modern  Manned  Spacecraft  Center. 

Work  on  the  Center  is  moving  along  on  schedule,  with  many  of  its  buildings 
completed,   and  several  of   the  more  technical  facilities  under  construction.      Still 
others  are  under  design.      This  Center   is  a  combination  operation,   research,    testing, 
and  training  facility  which  will  manage  the  development  of  the  space  ships,    train 
the  astronauts,    and  control   their  flights.     A  number  of  these  Space  Age  buildings 
«i  are  quite  unusual.  , 

^'^%.    ,,,,„.,,„..   ^::!;/;.; :,,.,:., ;:::;•:,,.  t 

101 


__.  aiitclj  will  subject  several  astronauts  at 

«  tfar  CP  tke  itf#  cr^il?  •twwses  •£  t«nK3i  and  re-entry  under  vacuum  conditions. 

/ffprfcri   *»  tie  l^Kj^st:  miiwliw— ^ntil  trrt  facility  in  the  U.   S.     This  will 
rfmrfttif  tm  fartfr  ffrr  i  iwiiriiiwr  c€  S9^«:e  and  the  lunar  surface;    such  as   intense 
ti<ifin  0K  U*»%  4aaumMt,  mA  li^jii  i  ■fiii  r  extremes  from  260°F  above  zero  to   315° 
itetmrn,  «i.l  i«  »  ««ar  i  jiiirMwi       1«  C^rt,  the  air  pressure  in  these  chambers  would  have 
U>  he  imrrrjttH        76  millh&x  times  to  ivrfog  it  up  to  the  atmospheric  pressure  at 
«e«  Uvet,     Cbvitmetf  tS*  s.j>^asxctr^t,  the  astronauts  and  their  protective  space 
emit*  will  he  veil  tested  mig^  sncb  ooaditimis.      (Figure  7) 

AwtJicr  ffptyiaf   facility  is  tJae  Inte^ated  Mission  Control  Center  which  will 
4ir«ct  fvtmte  Cemimi  aeA  Mpolio  tface  flij^t  Missions  and  maintain  contact  with  our 
eetpoaemte  far  emt  i» 


Basic  facilities  htve  heea  completed  at  the  Manned  Spacecraft  Center  and  about 
3^000  MSA  personnel  hmre  moved  into  tbeir  facilities.     However,   construction  of 
lakoratorjr  and  otMez  researd*  ty^e  baildings  will  continue  over  the  next  two  years. 


the  asttooants  bave  been  trained  and  their  space  ships  perfected  at 
HoHStoa,   and  the  adffiCir  boosters  have  been  successfully  tested  in  Mississippi,   all 
viV*  move  over  here  to  Cape  Kennedy  to  be  assembled  into  the  space  vehicles  for 
lauaeb  oo  their  lot^  joarney, 

A  harbor  vat  bollt  here  on  the  southern  end  of  the  Cape  to  support  the  test 
prograas,     tie  plan  to  double  tbe  size  of  this  harbor  in  the  near  future  to-  accommodate 
the  increased  traffic  expected. 

Since  19S0*  over  a  billion  dollars  has  been  spent  at  C^e  Kennedy  to  convert 
ao  abandoned  Vorld  War  II  Saval  Air  Station  into  the  Free  World's   largest  rocket 
test  center,     Tbis  is  a  portion  of  the  C^>e  as  it  looks  today.      (Figure  9.) 

In  tbe  foreground  is  Coaplex  37,  for  launching  the  Saturn  I.     So  far   it  is 
tbe  largest  launch  coaplex  In  the  Free  Uorld  —  and  the  first  built  for  peaceful 
use  of  »pace.     Froa  tbis  complex  In   late  Uanuaty,   a  Saturn  I   launched  the   largest 
pc^load  '-  about  19  tons  —  ever  put   Into  orbit.     Behind  it  is  Complex  34,   which 
has   launched  tbe  first  four  Saturn  flights  to  date.     Beyond  are  the  Titan  I   and 
Atlas  stands,    later  nodlfled  for  Mercury,  (^ealni,   and  other  space  programs. 

Before  we  send  a  aan  to  the  aoon,   a  treaendous  prograr*   is   still  necessary 
at  Cape  Kennedy,     Here,   over  the  coming, years ,  aore  than  a  billion  dollars  will  be 
spent  to  preparle  tbis  historic  site  for  Its  even  more  historic  role.     All  of  this 
construction  work  is  now  being  carried  out  by  our  newly  organized  Canaveral  District. 

The  nap  in  Figure   10  shows  the  present  Cape  Kennedy- Merritt  Island  area. 
to  the  North,    Is  the  new  area  on  Merritt  Island  which  has  been   acquired  for  NASA. 
Tbis  f55  million  real  estate  program  has  expanded  the  test  center  to  six  times  its 
present  size.     Here,  an  area  largely  made  up  of  rattlesnake  and  alligator  infested 
swaaps,  with  scattered  orange  groves   and  a  few  small  palm-fringed  housing  develop- 
ments,  is  being  converted  Into  the  "Gateway  to  the  Moon." 

Here  we  are  building  the  science-fiction  type  structures  of  the  Space  Aee 
starting  with  two  giant  complexes.  r  ©  . 

The  first  is  for  the  Titan  III,    the  Air  Force's  largest  entry  in  the  current 
space  program.     This  will   launch  the  MOL.  Manned  Orbiting  Laboratory,   into   an  earth 
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orbit   to  enable   astronauts    to   conduct  observations  and  military   experiments   in 
near   space   just  beyond  the   earth's   atmosph&re.      Titan   III   will  consist  of   a  moHifit'tl 
Titan   II   ICBM  with   two  solid    fuel  motors,   of   a  million  pounds  of  thrust   each, 
strapped  on   each  side,    to   carry  over   12   tons    into  earth  orbit.     Construction  of 
this   project   is  well  underway.      This   is   the   launch  pad,    as    it  will    look   v/hf-n  i  oiu 
pleted.      (Figure    11.) 

Large    as    this   facility    is,    it  will    he  dwarfed   by    the   new  NASA  Compl*  x    '9 
that  will    launch    the  Saturn   V   and    its    three-man    Apollo   spacecraft    to    thf>   mkhhi. 

The  various    stages   and    components  will   come   by   bai  ,L',t'    to    thf   unloaci  i  m.',  l)a'^l^, 
in    the   lower   center,    then  move    into   this   Vertical    AssPtublv    Buildiii;.'.      Hi-te    in   a  con- 
trolled environment,    the  Saturn   V   will    be    assembli'd   and   <  iccti-d  on    its    laui  ■  ii    lin  k  . 

Figure    12   gives   a  close-up  of    the   $100  niillinn   assHmbly    area,    sluiv.i  i:;.    iho 
Barge  Unloading  Facility,    ths  Launch  Control   Centt-r,    and    towtiinj:  ovi  r    tl;'.::,    l' f' 
huge  Vertical    Assembly   Building. 

At   the    left   a   launch   vehicle    is    seen   all    checked  out,    with   it'.s   spacecraft   i  :i 
pjace,    ready    to  move  on   to    its   pad   several  miles    away.      In    the. distance   a    launcliinp 
is   underway.      Inside   this  VAB    the   unobstructed    headroom   space    is  high   (jnough   to 
clear   a  45-story    skyscraper,    yet   it  must    be  hurricane   proof,    water  tight,    eind   able 
to   ride  out    the  worst   storms    ever   recorded    in    !:inis   area. 

■f  Figure    13   gives   another    view  of    the   VAB.       ^k)thing    like    it   has   ever   been  built. 

Its-  doors   are   A56   feet  high.      Here   the.   Apollo    vchicl-e    is    sh.own  moving  out    in  flight 
attitude  on    its   2,000   ton    launch   platform,    its   400'    umbi 1 IcaT  tower-  in   place,    all 
mounted  on   a  giant   crawler- transporter   -•■    the  world's    larj.'/^st    land   vehicle.      This 
vehicle   and    its    load  weigh    about    17  million   pounds.      Tlie    launch   platform   is  half   the 
size  of  a  foot-ball   field.      It    is  difficult   to   see    the  men,    they're  so   small   in 
comparison. 

The  VAB  will   be  connected   to   three   launch   pads    like,   this   by  eight  miles  of 
crawlerways   raised  above  the    swampy   terrain. 

Figure   14   shows   the    launcher -umbi Ileal   tower,    the  Saturn   and   the   arming 
tower   in  place  on   the   supporting  piers   at   launch    site,    and   the  crawler-transporter 
withdrawn.      Here   the   fueling  begins   --    3,750   tons  of  kerosene  &  LOX.      The  arming 
tower  will   be  moved  back   to    its  pa,rking  area  prior   to    launching  man  on  his   greatest 
adventure.  .       -     ■      - 

''*•■'■  However,   our  discussion   of   ground   support   for  man  in   space  must  not  be   limited 

just   to   terrestrial   facilities.      We  must  also  consider   the  requirements   for  extra- 
terrestrial  support   facilities. 

Studies   are  now  underway    involving  systems    to   support,  initial  surface  re- 
.    connalssance  operations   in   the    immediate  post-Apollo  period.      Today  the   lunar  base 
is   not   an  approved  program,    but  such  a  base -appears   to  be   an   essential   p^rt  of  our 
national   space  program  in   the   next  decade.      Facilities  of   some   type  will   be   required 
to   support   the  manned   surface    activities  needed   for  exploration  of   the  moon.      If 
exploitation  of    lunar   resources  becomes    feasible,    more  extensive  facilities  will  be 
required.   We   in  the  Corps  of   Engineers   are   interested      in    this   effort  as   an  ex- 
tension of  our  present  efforts    In   support  of  Apollo. 

First,    let's    look  at   the    location   for  these    facilities.      Figure   15   shows   the 
moon  as   it  would   appear   to   an   observer    looking  through  a  telescope.     However,    the 
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engineers  and   scientists  concerned  with  selecting  lunar   landing  sites,    ^ase    locations 
exploration   routes,   etc.,  need  more   information   than  is   shown   in   this   photograph. 
One  of   the  more  recent  efforts   to  provide   this   Information    is  shown   in   Figure    16, 
which   is  a    lunar  topographic  map  at  a  scale  of   1:2,500,000   produced  by    the  Army  Map 
Service,   an  agency  of   the  Corps  of  Engineers.      This  map  shows   the. central   portion   of 
the  visible   side  of    the  moon.      The    initial  manned  landings  will   probably   take   place 
in  an  equatorial  band   between    -  10°   latitude. 

The  contour   interval  on   this  map  is   1000  m.    with  supplementary  contours  at 
500  m.      Unfortunately,    this   is  about   the  best  product   that  can  be  made  at   this    time 
with  photographs   taken  from  earth- based   telescopes.      Future  photographic    information 
obtained   from  Ranger,   Surveyor  and  Lunar  Orbiter. flights   should  yielc   much  more 
reliable    lunar   topographical   data.      Information  which  may   be  obtained   from  the 
Surveyor  spacecraft    lunar   landing   should  also  enable  us   to   improve   the   photogeologic 
maps   of   the  moon  which  were   first  prepared    in    1960. 

Available   information  concerning  the    lunar   surface,    lunar  materials,   and    the 
lunar  environment  is    incomplete,    subject   to   interpretation,  and  controversial. 
Therefore,    until  direct  evidence    is   obtained,    lunar  conditions  can   be   described 
only    in  general    terms.      Large-scale   surface   features  can   be  divided   into  two  cate- 
gories:     highlands  and   lowlands.      The  highla:     s,    or  continents,  are  extremely   rough, 
containing  mountain   ranges,   ridges,   rills,    faults,  and  a    large  density   of   steep- 
wall,    circular  craters   ranginc  up   to  180  miles    m  diameter.     Slopes  vary  generally 
between  0°  and   15°  with   some   of    the   smaller  craters  exhibiting   interior   slopes   up   to 
35°.      The    lowlands,    "lunar  seas"  or  maria  as    chey  are  more   commonly  called,   are 
generally   featureless  having   the  appearance  of    large,    flat   plains.     Slopes   reach  a 
maximum  of   2°  or  3'-'.        Craters  up   to  about  50  miles   in  diameter  occur  at  random  Xn  _ 
the  maria,    but  at  a  much   lower  density  than   in   the  continents.     The  entire   surface 
is  covered   probably  by  a   low  density,  highly   porous  dust  and  rock  froth.      This 
surface    layer  should   be  no  more   than   1   to  6   inches   thick    in  most  places,   but    locally 
may  accumulate   to  several   feet. 

The  main  characteristics  of  the   lunar  environment  which  are  of   interest   from 
an  engineering  viewpoint  are: 

a.  Atmosphere   --  Essentially   non-existent  with  a  density  of   less     than  10"^^ 
relative   to   the  earth's  atmosphere  at  sea   level. 

b.  Temperature    --  Varies   from  a  maximum  surface   temperature  of  390  K   (117  C) 
at   the   subsolar  point   to  a  nocturnal  value  of    105  K   (-153  C).     Changes   in   surface 
temperature   ocfur  very  rapidly  with   the   transition  from  day   to  night  or  night   to  day. 

c.  Radiation   -   Two  princlpatl    types  of  penetrating  radiation  are  of   interest: 
solar  and  galactic  cosmic.      Flux  rates  and  solar  flare  events   levels  have  been 
established  within  a  factor  of  about   two,  ' 

d.  Meteoroid  Impacts  -  Size  and  flux  of  these  high-velocity  particles  have 
been  estimated,  but  there  is  no  empirical  information  on  which  to  assess  the  re- 
liability of   these  estimates, 

e.  Gravitational  Attraction   -  Value  at  the   lunar  surface   is  one-sixth  of   that 
;  at  the  earth's  surface,   or  5,31  ft/sec2. 

The  establishment  of  any   type  of  facility  in'such  a  hostile  environment  will  :^ 

•be  a  very  difficult   task.     Due   to   the  current   state-of-the-art  in  many   fields,    it 
•V  is   impossible   to  determine  just  how  difficult   such  a  task  may  be.      For  example 
-consider  the  design  of  a  personnel   shelter.      Since   there   is  no  atmosphere  on    the  moon, 
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personnel  shelters  must  be  sealed  and  pressurized  to  an  earth-like  atmosphere. 
Before  such  shelters  can  be  designed,  we  must  know  how  materials  will  behave  under 
high  vacuum  and  extreme  temperature  ranges.   We  must  insure  that  meteoroici  parcicles 
will  not  puncture  the  pressure  vessel;  therefore,  we  must  have  information  about  the 
effects  of  hypervelocity  impacts  on  materials.  The  shelter  must  also  provldf  -pro- 
tection from  ionizing  radiation. 

As  in  all  lunar  systems,  the  shelter  must  be  designed  for  extremely  high  reli- 
ability. Since  NASA  estimates  a  cost  of  about  $3,000  to  transport  a  pound  of  material 
to  the  moon,  our  guide  for  selection  of  materials  and  systems  stresses  lightness  and 
reliability  rather  than  the  cost. 

The  Army  Corps  of  Engineers  has  been  considering  seriously  the  problems  of  lunar 
construction  for  several  years.  As  the  primary  governmental  construction  eviyr.cy,    ■' 
the  Corps  of  Engineers  must  be  prepared  to  undertake  whatever  construction  ir.ission 
may  be  assigned,  regardless  of  its  nature  or  location.  One  recent  effort  was  a  lunar 
construction  research  study  completed  last  year. 

The  purpose  of  this  studj/,  conducted  ac  the  request  of  NASA,  was  to  define  the 
research  and  development  effort  required  to  provide  the  United  States  with  a  lunar 
construction  capability  beginnir  :  in  1968,   Cooiprehensive  studies  were  made  of  sev- 
eral engineering  areas  considered  to  be  of  major  importance  in  developing  a  lunar 
construction  capability.   These  studies  identified  many  of  the  problem  areas  in  the 
design  and  construction  of  lunar  base  facilitie-  and  outlined  appropriate  research 
and  development  tasks.   These  tasks  were  then  integrated  into  a  time-phased  plan  of 
"action  for  achieving  a  lunar  construction  capability  on  a  schedule  compatible  with 
NASA  thinking  for  manned  lunar  exploration. 

Results  of  studies  in  some  of  the  problem  areas  are  summarized  briefly  below: 

a.  Construction  Materials  -  It  appears  that  current  materials  technology  will 
meet  the  needs  of  most  lunar  construction  design  problems.   Improvements  in  present 
design  qoncepts  should  result,  and  answers  to  yet  unsolved  materials  problems  can  be 
anticipated.  However,  existing  dat^  on  materials  for  space  applications  have  been, 
for  the  most  part,  produced  and  assembled  in  isolated  and  uncoordinated  activities. 
This  information  needs  to  be  assembled,  correlated  and  placed  in  a  form  for  appli- 
cation to  lunar  construction  problems.   Research  needs  to  be  initiated  for  some 
materials  applications  such  as  studies  in  thermal  balance  and  investigations  of  lubri- 
cants, lubricating  techniques,  and  heavy  duty  bearings.   Testing  standards  need  to 

be  developed  for  evaluating  materials  behavior  under  environmental  conditions. 

b.  Structural  Systems  -  Structural  systems  will  include  shelters,  maintenance 
structures,  chemical  storage  containers,  communication  antennas,  towers,  and  smaller 
structures  such  as  power  and  life  support  modules.  Whereas  extreme  reliability  is 
essential  in  every  aspect  of  lunar  construction  design,  the  high  delivery  costs 
demand  the  optimum  in  exact  analysis  and  design.  Reduced  gravity  and  the  absence  of 
certain  external  loads  common  in  terrestrial  design  will  help  in  obtaining  high  per- 
formance, lightweight  design.   Reliable  astrophysical  data  and  procedures  are  needed 
for  appropriate  analysis  by  computers  for  design  optimization. 

c.  Construction  Tools.  Equipment  and  Techniques  ~  The  construction  tasks      .  ' 
to  be  performed  on  the  moon  may  be  similar  to  terrestrial  construction  in  many 
respects.   However,  many  of  the  tools,  equipment  and  techniques  to  be  employed  in 
these  lunar  tasks  will  probably  not  resemble  their  terrestrial  counterparts. 
Restraints  imposed  by  the  lunar  suit,  the  phenomena  of  constant  mass  and  reduced 
gravity,  and  other  environmental  conditions  will  introduce  unprecedented  design 

• 


parameters  in  the  development  of  equipment  'and  procedures.  Manual  procedures  and 
equipment  will  be  required  for  unloading  spacecraft  and  subsequent  transportation 
and  handling  of  payloads.  Some  surface  modification  may  be  required.  Excavation 
for  placement  and  protection  of  base  facilities  may  be  the  most  difficult  and 
critical  of  all  construction  operations.  Research  and  developmfent  are  needed  for 
surveying  and  mapping  instruments,  special  anchoring  devices,  and  a  family  of  hand 
tools  and  other  multi-purpose  devices  for  construction,  operation  and  maintenance 
of  the  base. 

d.     Electric  Power.     Considerable  work  has  been  done  in  developing  electric 
power  and  equipment  for  use  in  spacecraft  and  satellites,  but  no  great  amount  of 
research  has  been  directed  to  the  problem  of  developing  the  sizes   and  types  of         _^ 
electrical  equipment  required  in  a  lunar  base.     Fuel  cells,   batteries  and  solar 
cells  are  promising  sources  for  initial  power  demands  of  lunar  exploration  systems. 
However,    the  power  system  supporting  any   lunar  base  should  include  a  prime  power 
source  with  decentralized  and  mobile  power  units  which  may  be  integrated  into   an 
expandable  base  complex.     Considering  the  probable  power  requirements,  for  a  permanent- 
type   lunar  base,   nuclear  power  is  the  optimum  choice  as  prime  power  source;    however, 
solar  systems  may  well  be  used  for  certain  tasks.     Early  definition  of  power  require^ 
ments  is  essential  because  of   the  long  time  and  major  effort  required  to  develop  a 
suitable  plant. 

The  Corps'    study  concluded  that  a  lunar  construction  capability  does  not  exist 
today,   but  it  must  be  developed  if   landings  on  the  moon  are  to  be  exploited.      A 
three-part  program  was  recommended  for  achieving  this  capability.      First,   a  com- 
prehensive  lunar  base  study  to  define  detailed  concepts  and  planning  for  lunar  bases. 
This  master  plan  will   establish  base  requirements   and  will   then   identify,   define 
Bnd   schedule  all     significant  construction  and  engineering  capabilities  required. 
It  will  also  define  performance  requirements  of  related  man-systems  and  space  trans- 
port vehicles. 

Second,  the  initiation  of  a  technical  engineering  development  program.  This 
integrated  program  was  based  on  the  series  of  studies  discussed  previously  in  each 
of   the  major  engineering  areas  Involved  in  lunar  donstruction. 

The  third  part  of   the  recommended  program  concerned  terrestrial  facilities 
needed  in  the  development  program.     Two  of  the  facilities  are  of   special  interest. 

The  Operations  and  Test  Facility   shown  in  Figure  17  is  a  large  "field  house" 
type  of  facility  which  provides  a  lower-order  simulation  of  certain  lunar  phenomena 
under  ambient  earth  atmospheric  pressure.     The  interior  of   the  light-tight  building 
will  be  finished  in  black  to  simulate  deep  space,   and  lighting  conditions  on  the 
moon  will  be  simulated.     A  portion  of  the  floor  will  be  covered  with  a  lunar   soil 
simulant.      In  this  facility,   real-time  studies,    tests,   and  evaluations  can  be  con- 
ducted on  facilities,   equipment,   and  systems  concepts.     It  will   also  be  used  for 
testing  and  training  of  personnel.     This  facility  will  provide  an  essential   bridge 
between  the  capabilities  provided  by  natural  terrestrial  field  sites  and  the 
costlier  capabilities  of  a  high-order  simulation  facility. 

In  the  final   analysis,   however,   sufficient  reliability  cannot  be  achieved 
until  the  combined  performance  of  integrated  man-machine-materials   systems  is  de- 
monstrated in  the  highest  level  of  environmental  simulation  that  is  economically 
possible.      For  a  lunar  construction  research  program  it  is  essential  that  the 
simulated  lunar  environment  include  the  lunar  surface  for  testing  of  equipment, 
base  components  and  personnel  performance  on  or  within  the  simulated  surface  material 
A  review  of  existing  and  planned  facilities  indicated  that  none  would  acfiieve   this 
capability.     Therefore,   performance  specifications  and  preliminary  plans  were 
developed  for  such  a  Lunar  Environment^^  Simulator,  which  is  shown  in  Figure   18 
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The  chamber  would  be  65  feet  in  diameter  and  approximately  91  feet  high* 
Lunar  surface  material  simulant  can  be  placed  in  a  container  55  feet  in  diameter 
and  the  depth  can  be  varied  from.  3.5  to  17  feet.   An  off-axis  xenon-lamp  system 
would  simulate  solar  radiation  over  an  area  20  feet  in  diameter.   Intensity  of 
Illumination  could  be  varied  to  simulate  lunar-day  and  lunar-night  operations. 
The  vacuum  system  would  Include  mechanical  roughing  pumps,  diffusion  pumps,  and 
cryoptimping  panels  of  gaseous  helium.  The  system  is  designed  to  maintain  test 
pressures^ at  or  below  10"^  torr. 

Last  July,  NASA  began  a  study  program  to  outline  a  tentative  lunar  base 
concept.  The  concept  being  studied  envisions  a  flexible,  building-block  approach 
for  the  lunar  base.  The  simplest  base  will  consist  of  a  single  module.  Other 
modules  will  be  added  for  larger  bases  or  for  extended  missions.  These  modules 
are  described  below. 

a.  Personnel  Shelter.  The  basic  module  of  the  lunar  base  system  will  be  a 
shelter  designed  to  house  several  men.   It  will  have  integral  life  support,  power 
and  communication  equipment,  and  could  function  virtually  alone  as  the  principal 
element  of  a  small  temporary  outpost.   In  larger  Installations,  separate  subsystems 
will  provide  additional  capabilities  for  life  support,  power  and  communications,  and 
the  equipment  Installed  in  the  shelters  may  be  retained  primarily  as  standby  for. 
emergency  use.   In  emergencies  the  shelter  should  be  able  to  house  twice  its  normal 
complement  of  personnel. 

b.  Life  Support.  All  but  the  most  temporary  outposts  will  be  served  by  a  cen- 
tral life  support  subsystem.   The  subsystem  will  consist  of  several  modules,  the 
number  being  dependent  on  the  population  of  the  base  and  the  desired  degree  of  logis- 
tic independence.   Installations  in  an  earlyvjphase  of  development  or  small  installa- 
tions for  short  missions  will  be  served  by  modules  which  perform  only  the  most  essen- 
tial functions.   In  larger,  more  permanent  installations  the  basic  life  support  modules 
will  be  supplemented  by  regenerative  equipment  to  reduce,  the  need  for  resupply.   The 
ultimate  base  complex  may  include  additional  modules  to  generate  life  support  mater- 
ials from  lunar  resources.  , 

c.  Power.  For  other  than  the  smallest  installations,  nuclear  power  plants 
will  serve  as  the  basic  source  of  energy.   A  single  plant  may  be  used  for  short  mis- 
sions and  during  the  early  phases  of  base  development,  but  multiple  plants  of 
standard  design  will  be  the.  usual  source  of  power. 

d.  Vehicular  Fuel.  The  vehicles  and  equipment  required  for  construction  and 
operation  of  the  base  will  require  substantial  amounts  of  energy.  This  energy  will 
probably  be  in  the  form  of  chemical  fuels.   In  the  smallest  installation  the  fuel 
subsystems  will  consist  of  modules  which  only  store  and  dispense  this  fuel.  To 
reduce  the  logistic  burden  to  a  minimum,  larger  Installations  will  be  equipped  with 
additional  modules  which  regenerate  fuel  using  energy  drawn  from  the  nuclear  power 
plants.   In  the  ultimate  base,  additional  modules  may  make  up  fuel  system  losses  by 
generating  fuel  materials  from  lunar  resources. 

e.  Communications  and  Control.  The  basic  module  of  this  subsystem  will  provide 
local  and  tjoon-Earth  communications.   In  addition,  it  will  serve  as  a  navigation  aid 
to  spacecraft.  Other  equipment  may  be  required  to  provide  long  range  lunar  Communi- 
cations and  to  permit  personnel  on  earth  to  assume  some  of  the  burden  of  operating 
the  power,  life  support  and  fuel  systems. 

f .  Maintenance.  Maintenance  modules  will  provide  installations  of  various 
sizes  the  capability  to  maintain  vehicles  and  Installed  equipments 
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g.  Vehicles  and  Mobile  Equipment.  Construction  and  operation  of  a  lunar  base 
will  require  vehicles  for  materials  handling,  surface  modification,  transportation 
and  reconnaissance.  Multiple-purpose  vehicles  m«y  be  practicable. 

h.  Mission  Support  Equipment.  Specialized  equipment  to  support  specific  sclen-  ' 
tific  missions  will  be  needed. 

The  study  program,  now  referred  to  as  a  study  of  Lunar  Exploration  Systems 
for  Apollo  (LESA),  is  divided  Into  three  phases.  Phase  I  is  an  initial  concept  study 
to  define  a  reference  system  which  serves  to  guide  the  other  studies  toward  a  com- 
mon objective.  Phase  II  is  a  number  of  studies  of  the  various  subsystems  which  ex- 
amine in  detail  the  engineering  and  operational  implications  of  the  base  concept. 
Phase  III  is  an  Integrated  conceptual  design  study  which  will  re-examine  the .initial 
reference  concept  and  Incorporate  changes  indicated  by  the  subsequent  subsystems 
investigations. 

The  initial  concept  study  was  completed  by  the  Boeing  Company  last  December. 
Four  phases  were  selected  in  this'  study  to  represent  activity  levels  as  the  lunar 
base  evolves  from  a  small  temporary  base  to  a  more  permanent  base  which  will  accom- 
modate more  persons  for  longer  durations  and  increased  Aission  activity.  The  four 
base  models  provide  logistic  support  for  3  men  for  3  months;  6  men  for  6  months; 
12  men  for  12  months;  and  18  men  for  24  months  or  longer. 

The  shelter  module  shown  in  Figure  19  is  designed  to  be  a  basic,  self- 
sufficient,  support  nucleus.   All  support  subsystem  modules  required  in  the  first 
base  are  an  Integral  part  of  the  shelter  module.  The  25,000  pound  payload  capacity 
of  the  Saturn  V  transport  system  also  permits  a  roving  vehicle  to  be  carried  in  the 
lower  part  of  the  basic  module. 

The  Interior  volume  of  the  aluminum  shelter  provides  sufficient  space  for  six 
men.  Thus,  when  the  base  expands  to  the  six-man  crew  level  of  Base  Model  2,  all 
personnel  can  still  be  accommodated  in  one  shelter  module.  However,  additional 
radiation  and  meteroroid  shielding  is  required  for  the  longer  duration  of  Base  Model 
2.  The  shelter  concept  provides  a  caisson  as  an  expandable  outer  shell  of  the  mod- 
ule. This  caisson  is  expanded  about  two  feet  and  filled  with  lunar  soil  to  provide 
the  necessary  shielding.  Lunar  soil  is  also  placed  on  top  of  the  shelter.  Additional 
life  support  supplies,  power  units,  fuel  modules,  and  other  supplies  and  equipment 
required  in  Base  Model  2  will  be  delivered  to  the  lunar  surface  as  a  single  Saturn 
V  logistic  payload. 

Base  Model  3  is  established  by  delivering  a  second  shelter  module  to  the  lunar 
surface;  positioning  it  next  to  the  first  module;  and  connecting  the  two  modules. 
Additional  equipaent  and  supplies  are  delivered  as  separate  payloads.  Finally, 
another  shelter  module  is  delivered,  positioned  and  connected  to  form  Base  Model  4 
shown  in  Figure  20.  Also  shown  in  this  figure  are  the  logistic  support  payloads 
used  to  deliver  additional  supplies. 

Most  of  the  comprehensive  subsystem  studies  in  Phase  II  of  the  LESA  program 
are  just  being  Initiated  now.  However,  at  the  beginning  of  the  program  it  was 
believed  that  two  subsystoas  —  the  nuclear  power  plant  and  an  engine  and  regenerative 
fuel  system  --  would  probably  most  strongly  influence  the  overall  base  design  and 
might  present  the  most  serious  development  problems.  Thus,  these  studies  being  done 
by  the  Westinghouse  Electric  Corporation  under  supervision  of  the  Corps  of  Engineers, 
trere  started  last  September. 

The  objective  of  the  multi-purpose  engine-fuel  system  study  is  to  define  a  con- 
cept for  a  coaplete  systea  which  will  provide  the  power  required  for  the  initial 
shelter  aodule,  portable  applications,  and  lunar  surface  vehicles. 
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During  the  early  phkses  of  manned  lunar  operations,  the  system  will  be  a  simple 
lunar  refueling  system  which  will  be  completely  dependent  upon  resupply  from  Earth. 
As  the  lunar  base  grows  in  complexity  and  power  demands  increase,  base  requirements 
will  be  furnished  from  a  nuclear  power  plant.  When  this  occurs,  the  engine-fuel 
system  can  be  supplied  with  fuel  regenerated  from  the  engine  reaction  proiducts  by  a 
processing  plant  operated  from  this  prime  nuclear  plant.  Thus,  dependence  on  earth 
resupply  will  be  reduced.  Ultimately,  it  may  be  possible  to  achieve  further  inde- 
pendence from  earth  by  using  natural  lunar  materials  if  their  use  as  fuels  proves 
feasible. 

In  the  engine- fuel  system  study,  possible  power  systems  were  evaluated  in  terms 
of  engineering,  techtiD-economical ,  and  qualitative  considerations.   When  these  fac- 
tors were  combined,  a  comparison  of  ftie  possible  systems  could  be  made  for  each  appli- 
cation.  Five  basic  sources  of  ene.rgy  were  investigated:   solar,  thermochemical, 
electrochemical,  cryogenic,  and  radioactivity.   Both  static  and  dynamic  engines  were 
evaluated.  The  recommended  systems  resulting  from  this  study  which  has  just  been ^ 
completed,  can  be  described  in  terms  of  the  principal  ^plications  of  the  multi- 
purpose engine-fuel  system. 

A  solar  cell  and  fuel  cell  combination  Is  used  for  the  shelter  power  system  to 
meet  the  moderate  requirements  of  Base  Models  1  and  2.   Since  there  Is  no  atmosphere 
to  absorb  solar  energy,  the  sun  provides  130  watts  of  energy  per  square  foot  on  the 
lunar  surface.  Maximum  use  Is  made  of  this  free  energy  for  the,  relatively  constant 
demands  In  the  shelter  module.   A  solar  photovoltaic  engine  composed  of  silicon  cell; 
produces  direct  current  power  from  direct  conversion  of  sunlight  to  electricity.  The 
solar  engine  consists  of  a  flat  array  of  Inter-connected  cells  supported  by  a  frame- 
work which  Is  oriented  with  respect  to  the  solar  flux  by  means  of  a  simple  drive 
mechanism. 

For  the  lunar-night  power  supply,  a  hydrogen-oxygen  fuel  cell  is  used.  This 
type  of  fuel  cell  has  several  attractive  advantages.  Qne  Is  the  modular  design  in- 
herent in  the  fuel  cell  Itself.  This  means  that  power  can  be  provided  in  as  small 
a  block  as  necessary  or  can  be  extrapolated  to  meet  requirements  while  retaining 
good  fuel  characteristics.   Another  advantage  In  using  hydrogen  and  oxygen  is  that 
the  product  of  their  combustion  Is  water.  This  water  can  be  used  to  meet  life  support 
requirements  or  It  may  be  regenerated  into  the  original  fuels  with  an  efficiency  that 
makes  regeneration  in  the  later  bases  an  attractive  part  pf  the  energy  plan. 

In  moving  applications,  it  was  considered  impractic')alN  to  use  a  solar  engine  to 
reduce  logistic  weight  because  of  the  difficulties  of  orienting  the  solar  cell  array. 
Thus,  only  a  fuel  cell  Is  recommended  for  vehicle  engine  systems.   Optimization  of 
engines  for  vehicular  applications  is  very  difficult  until  specific  mission  require- 
ments are  established.   For  long  operating  periods  without  refueling,  it  may  be 
necessary  to  use  an  isotope-power  system  which  would  require  biological  shleldiog. 

A  silver-cadmium  battery  is  the  preferred  system  for  portable  power  require- 
ments of  1  kw  or  less.   For  this  application,  the  primary  requirements  are  sim- 
plicity, convenience,  light  engine  weight  while  in  use  and  minimum  bulk.  The  silver- 
cadmium  battery  is  hermetically  sealed  and  produces  a  given  amount  of-  energy  for  a     '(j| 
given  weight.  Thus,  the  power  level  is  flexible,  i.e.,  a  large  power  can  be  drawn      <<•' 
^  for  a  short  period  or  vice  versa.   For  the  larger  portable  power  supply,  the  preferred 
,^ngine  is  the  fuel  cell. 

The  nuclear  power  plant  study,  still  underway,  is  investigating  nuclear  i^eactor 
power  system  which  could  meet  the  major  power  demands  of  the  larger  lunar  bases.  The 
initial  base  concept  study  indicated  that  startup  of  the  first  nuclear  power  plant 
becomes  economically  ^propriate  when  Base  Model  3  is  established.  The  high  costs 
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of  unscheduled  power  outage  resulting  from  large  costs  for  transportation  of  back-up 
power  systems  and  fuels,   and  from  high  costs  due  to  loss  of  base  functions  both  in 
terms  of  dollars  and  possible  complete  disaster,   place  heavy  premiums  on  high  plant 
capacity,   long  plant  life  and  very  high  reliability. 

'Figure  21  shows  the  nuclear  power  plant  module  as  it  would  be  delivered  by  a 
Saturn  V  logistic  vehicle.     Possible  over-all  plant  arrangements  and  associated  modes 
of   packaging  range  from  a  relatively  low  capacity  plant  with  integral  shielding 
(i.e., brought  from  earth)    and  a  fixed  radiator  to  a  potentially  much  larger  plant 
with  all  or  much  of  the  shielding  accomplished  by   lunar  material   (e.g.,   by  burial  of 
the  reactor)    and  a  deployable  radiator.     An  integral  shield  would  take  up  a  large 
portion  of  the  available  payload  weight.     However,*  such  a  concept  has  advantages  for 
the  early  plants  because  of  their  small  demand  on  the  limited  available  construction 
effort  and  their  insensitivlty  to   lunar  surface  characteristics. 

The  concept  being  developed  envisions   locating  the  plant  about  two  miles  from 
the  personnel   shelters.     This  separation  distance  provides  sufficient  radiation 
attenuation  so   that  the  plant  shielding  can  be  reduced  to  an  acceptable  payload 
weight.      Studies  of  electric  power  transmission  from  the  plant   to  the  base  proper 
have   indicated   that  it  is   feasible  to   transmit  over     this   two-mile  distance  with  a 
transmission  system  of  modest  weight.     A  typical   lunar  base  transmission   line  would 
consist  of  bare  conductors,   operating  at  elevated   temperature,    losing  heat  essen- 
tially only  by   radiation  to  space.     The  conductor  would  probably  consist  of  several 
parallel  conductors  with  multiple  interconnections  so  that  the  transmission  system 
could  withstand  meteroroid  hits  and  still  function. 

The  nuclear  power  plant  concept  currently  being  investigated  in  the   study   is 
shown  in  Figure   22.     There   are  reasonably  well  developed   technologies  on  which  to 
base   a  design  which  has   a  good  probability  of  meeting  the  program  objectives. 
There   is,  however,   no  existing  plant  which  will   fit  the  anticipated  requirements  of 
the    lunar  base.      Thus,    an  aggressive  development  program  is   required.     The  present 
concept  is   for   an  initial   plant  rating  of  at   least   100  kwe  and  a  growth  potential   to 
300  kwe.     The  reactor  will  operate  at  a  high  temperature  and  use  an  enriched  uranium 
fuel.      The  power  conversion  system  will  be  a  liquid  metal  Rankine  cycle. 

One  of  the  important  constraints  on  engineering  a  power  plant  for  lunar  use 
rather  than  terrestrial  operation' is   that  heat  must  be  rejected  by  radiation.     Thus, 
a  radiator  is  required  for  space  electric  power  generating  systems.     However,    the 
meteoroids  present  in  the   space  environment  make  it  necessary   to  provide   sufficient 
armor  for  the  radiator  to  prevent  me teoro id  penetration  which  would  release  the 
coolant.     If  all   the  coolant  is   lost, the  plant  becomes  inoperable.     To  improve  the 
survivability  of   the  radiator,   as  well  as  somewhat  reducing  the  armor  requirements, 
multiple  radiator   loops  are  used. 

The  radiator  of  the  proposed  lunar  nuclear  power  plant,   as  can  be  seen  in  Figure 
22,    is  composed  of  about  one  hundred  closed  end  tubes.     At  the  base  of  each  tube  is 
a  bellows  joint  with  a  mechanical  hinge  that  permits  deployment  of  the  radiator  as 
shown   in  Figure  23.     In  this  position  the  total  radiator  area  is  approximately  twice 
that   available  on  the  surface  of  the  capsule  if   the  radiator  were  not  deployed. 

_  This  two  phase,   natural  circulating,  refluxing  radiator  also  takes  advantage  of 

the   lunar  gravitational  force.     The  turbine  exhaust  vapor  goes  into  a  large  manifold 
which  contains   small  boilers   attached  to  the  end  of  each  of   the  radiator  tubes 
These  boilers  contain  liquid  potassium.     The  vapor  from  the  turbine  condenses  on  the 
boilers;   the  liquid  metal  boils;   the  metal  vapor  rises  into  the  tube  where  it  con- 
denses on  the  surface  by  radiation;   and  the  liquid  then  drips  back  into  the  boiler. 
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Concepts  for  other  subsystems  will  be  defined  in  detail  in  the  other  Phase  tl 
studies  of  the  LESA  program.  When  the  integrated  concept  study  is  completed  in 
Phase  III,  NASA  expects  to  have  a  sound  and  comprehensive  plan  for  a  lunar  base 
system. 

CONCLUSION 

This  paper  has  covered  briefly  some  of  the  broad  engineering  and  construction 
support  which  the  Army  Corps  of  Engineers  is  putting  behind  this  nation's  manned 
space  program.  The  first  phase  of  the  journey  to  the  moon  will  be  right  here  on  the 
ground.  ( 

Our  future  successes  in  space  are  dependent  on  the  nation-wide  effort  which 
NASA  directs  and  spearheads,  but  ceftainly  an  important  element  of  this  is  the  accele- 
rating program  to  provide  the  complex  ground  support  facilities  required  throughout 
the  effort.  This  program  involves  design  of  highly  sophisticated  structures,  much 
of  it  to  criteria  which  transcend  the  state  of  the  art;  development  and  procurement 
of  special  and  unusual  components  which  tax  the  capabilities  of  the  industry;  and 
construction  to  tight  schedules  and  exacting  standards  which  are  foreign  to  the  in- 
dustry. 

The  next  phase  of  our  manned  lunar  landing  program  will  be  the  support  facilities 
required  on  the  moon.  Providing  these  facilities  will  require  solving  unprecedented 
engineering  problems  imposed  by  delivery  systems  limitations  and  the  harsh  environ- 
ment about  which  there  is  little  information.   A  significant  development  program  is 
needed  to  develop  the  equipment,  techniques  and  reliability  necessary  for  this  diffi- 
cult task.  Such  a  program  must  be  started  now  if  we  are  to  have  an  orderly  program 
rather  than  a  wasteful,  crash  program  later  --  wasteful  in  terms  of  personnel, 
materials  and  funds. 
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Figure  1. 
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Figure  2.    F-1  Engine  Undergoing  Static-Test  on  Stand 
Constructed  by  Corps  of  Engineers 
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Figure  3. 


Figure  5.   pual,  positipri  st^nd  at  Mi6sis$ippi  Test  Facility  under 
cohstructi'oni 
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Figure  6.       Huge  Centrifuge  bteing  constructed  at  the  Hahhed  Spacecraft 
Center  near  Houstoji,  ,;^^>]usis. 
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Figure  7.   Space  chambers  going  up  at  the  Manned  Spacecraft  Center. 
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Figure  8.       Artist's  concept  of  completed  Manned  Spacecraft  Center. 
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Figure  9.   Cape  Kennedy  as  it  looks  today. 


.-;:3 ;.:;;?,.,  ' 


Figure  10.     Map  of  Cape  Kennedy  and  adjacent  Merritt  Island  launch  area 
now  under  development  by  Corps  of  Engineers. 
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Figure  11.   Titan  III  launch  pad  being  constructed  for  the  Air  Force. 


Figure  12.   Complex  39,  under  construction  for  NASA,  will  become  the 
Nation's  Moonport. 
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Figure  13.     Close-up  view  of  the  Vertical  Assembly  Building  and   Saturn  V 
i  on  crawler- transporter. 


Figure  lA.      Saturn  V  shown  lifting  off  on  flight  to  Moon. 
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Figure  15.   The  Moon  as  seen  through  a  telescope. 


Figure  16.  Topographic  map  of  moon  shows  area  where  initial  manned  lunar 
landing  will  be  made. 
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Figure  17.   Proposed  Operations  and  Test  Facility  for  simulating  certain 
lunar  phenomena*  :. 


Figure  18.  Environmental  simulator  needed  in  a  lunar  constructs 
research  program. 
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Figure  19 


Figure  20 
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Figure  21. 
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Figure  23. 
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STRlXnURIMGI  THE  ENQDIEERIHO  OROAHIZATIOII 
TO  SOLVE  THE  IKTORMATIOH  PROBLEM 


By:    Ben  W.  Brlon,  Ccosultlng  BagUiecr 
7233  Bwrson  Avenue  South 
Richfield  23,  Minnesota 


SUMfART 


The  HiVjUng  and  use  of  vast  and  diversified  Infomation  in  today's  science 
and  business,  can  no  longer  be  thought  of  as  "Just  a  conminlcatlon  problem".  It  is 
a  wmagenent  problem.  The  theme  presented  here  Is  not  offered  as  a  panacea  for 
ASTIA  or  other  automated  retrieval  systems.  Rather  It  Is  directed  toward  Informa- 
tioQ  management  in  the  functional  technical  organization. 

A  Research  or  Biglneering  Manager  wants  to  oe  sure  that  the  organization  re- 
ceives pertinent  information  and  that  is  is  immediately  channeled  to  those  who  need 
it. 

The  consequence  of  not  meeting  information  needs  are  a  number  of  costly  losses. 
Existing  ideas  vli^  oe  reinvented.  Work  vlll  be  duplicated  in  different  departments 
or  divisions.  Failure  to  capitalize  on  internally  generated  ideas. 

Individual  inefficiencies  will  result.  Not  so  obvious,  is  lovered  morale,  re-  , 
suiting  in  the  loss  of  good  people.  Tragically  it  happens  before  it  is  seen. 

There  sure  a  number  of  barriers  to  solving  this  problem  ...  psychological, 
sociological  and  structural.  However,  there  are  a  number  of  approaches  to  overcom- 
ing these  barriers.  Of  the  three,  the  simplest,  most  effective,  and  controllable  is 
to  change  the  organization  structure  by  adding  a  communication  function  or  discipline 
at  the  lowest  level. 

The  guidelines  for  designing  the  structure  are  listed.  A  typical  diagram  is 
shown.  A  pilot  plan  and  inqplementatlon  is  suggested  with  enqphasls  on  cez'tain  key 
points. 

Hew  the  new  structure  benefits  the  Manager,  as  well  as  the  professional  en?)loyee, 
is  clearly  shown,  and  the  economic  gain  to  the  organization  is  estimated. 

There  are  many  other  benefits  of  this  new  system.-^  Increased  efficiency  due  to 
•liainaticn  of  duplication  in  searches  and  storage;  cross  fertilization  of  ideas  from 
many  sources;  central  sources  for  retention  of  valuable  experience  is  provided;  elim- 
ination of  haphazard  ccnmunication  and  non-essential  mangerlal  paper  work;  reduction 
of  distortion  in  transmissions  of  material;  and,  last,  but  not  least,  a  truely  inte- 
grated orgaaizaticD  can  resxilt. 
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Is  qaotrnd  M  Manage  "If  I  want  •  Minister  of  Mneatlon  all  I  BMd  It 
•  MB  with  a  long  iriiltc  bMZd,  but  If  I  want  a  Chaf  I  nsad  a  nan  off  laftnita  eMioa". 
Oftan  «•  vcaidar  if  we  axe  Niniatera  or  Ctaefa,  Mkaaoezv  or  Spaeialista.    Are  we  kaep- 
ing  up  with  the  atate  of  the  artt    So  we  ever  draan  of  tackling  another  iBterastlag 
dlacipline  . . .  eren  if  vi  have  the  talantt    To  do  aueh  thlaga  ra^Dizea  nore  depth 
end  breadth  tbea  we  can  Individually  coaiMad  ...  esalatanee  in  finding,  aaainilet- 
ing  and  applying  the  collective  intellect  of  nan  to  the  proibleaa  we  face.    Jn  ahertf 
we  face  today  the  age  old  hut  increasingly  eonplex  pirohlMi  of  nan  in  noving  doen 
frcni  the  trees  and  up  to  ths  noon  eoHunieation. 


Today*s  technical  infanaation  is  aassive.    It's  growth  exponential.    There  is 
literally  e  flood  of  nilitary  technicel  doouesntSy  reports,  Journals,  ■egasiaes, 
proeeedlnga,  sbatracta,  nsthoda,  thesis  and  books.    Add  to  this  such  intenal  In- 
f  omation  aa  corrsspondanoe,  r^orts  and  data  and  the  ataggsring  total  preducea  a 
crisis  in  eoBBsmicating  infomation.    Aa  handling  and  uae  of  auofa  vast  infoacaatlon 
in  today'a  acience  and  business  can  no  longer  be  thou^^  of  ss,  "Just  a  cc 
tion  prcbleH",  it  la  a  nansgs—nt  problaa. 


2 
Profeeeor  Ilton  Mky    said,  'Me  have  paased  beyond  ths  stage  of 

tion  in  irtilch  effective  ccnHmication  and  coUahoratlon  were  seeiuvd  by  estehliahed 

routines  of  relationahlps".    He  are  aoving  into  an  adaptive  society.    Changs  is  the 

ootdsr  end  neceesity  for  survival. 

Ihls  paper  la  not  offered  aa  a  panarea  for  A8KIA,  SZABS  or  other  autonatad 
retrieval  aysteas.    Bather,  the  new  approach  la  directed  toward  adapting 
fying  the  technical  argaaisatlon'a  structure  to  sore  edeqpiately  hnadle  Ita  info 
tion  needs. 

THB  BPHKBOIB  IKttM(0BB'8  gBOB 

The  technical  Naneger  of  a  project  waate  tiaaly  receipt  of  all  neeesaary  per- 
tinent infconsation  by  his  englneera.    How  can  he  be  aura  this  is  dons  without  doing 
■it  hlMolf?  -fj 

Beslcally,  he  oust  assure  two  actions  irtiich  are  within  his  sphere  of  oontxx>lt         '^ 
(1)  find  the  xelevant  infoanutlqn;  and,  (2)  inaure  ita  innsdlate  trananlaaion  to 
thoae  irtio  need  it. 

Tg  OOiKBBJUOk'Mti  OF  MOT  HTUB  HfDlBKglOK  MKB16 


Selantlata  and  Bngineere  face  a  aituatloa  where  they  are  wocidng  on  prnblsaM 
for  which  a  aolntiOB  iaay  already  have  been  found.    Thia  reinvention  la  eoetly. 
<|Blte  oOen  coanerelal  projeete  duplicate  the  allltary.    In  large  eo^panlea  the 
aaas  voirk  nay  be  lepeated  at  a  later  date  by  a  different  flaparti—iit  or  even  la  «1m  ^' 
aaaa  departMsit  due  to  lack  of  edeqgoata  reeoarda  and 
baneasing  loss  cf  tiJH. 
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lUufficlaiit  inter-departamt  cc— mlcatlon  xsavats  in  lost  kncwIadaBt    a  n- 
SMTch  dtpartaent  falls  to  pass  on  its  flnAlogs  to  the  dsvwlopMnt  grmq).  taeh  an 
Infoonaatlon  acoopoly  can  exist  idien  any  on«  man  who  kncws  certain  msimri  does  not 
voljuntser  his  Infornatlon  in  solving  a  problaa  that  is  not  his  direct  eonceRi. 


LoiMX«d  aorals  is  another  result  of  poor  eoamnication  idiich  can  cauaa  a  high 
turnover  in  personnel. 

BARRIKR8  TO  ACOOigLISailP  PIWVED  OOWOTICAnPilS 


Bhe  blocks  or  barriers  to  solving  this  ccMKinication's  problea  are 
They  an  structural,  sociological  and  psychological*    Ths  actual  orgsnitatloa  stroe* 
tore  is  the  formal  fraaework  vithln  irtiich  each  aan  works.    TbtB  foraal  chwnnwls 
should  handle  the  aajcolty  of  the  infozaatlcn.    Where  they  are  Inadequate,  self- 
nade  lafoiaal  channelsr^aay  tend  to  develop  to  sxippleaent  thea.     However,  Inadequate 
structure  is  often  not  by-passed  since,  as  Meuiagers  develop  their  conseiousDess  of 
status,  their  self-interest  in  naintaining  artificial  control  csMeea  tbaa  to  block, 
upward  or  bilateral,  Inf oraation  flow  except  throu^  thea. 

A  sociological  block  develops  when  the  individual  professional  s^plo(yee  de- 
valops  a  boss  (status)  <»nsciou8ness  ^ich  aaterially  stops  coaaunlcaticns.    This 
occurs  particularly  irtiere  the  boss  lacks  eapathy. 

Professional  workers-'have  vastly  different  training  and  experience  ...  includ- 
ing language  concepts  and  neanings  . . .  and  hence  psychological  blocks  aay  develop 
anong  these  heterogeneous  peers.    To  coaq;>ound  the  problea  the  inability  of  the 
Muagsr  to  assess  individual  infomaticn  needs,  the  connnmicaticns  flow. 

Another  barrier  lies  in  ths  sheer  bulk  of  the  infomaticn  which  aust  be  sur-   ^ 
veyed  to  extract  all  pertinent  fact.    When  all  these  blocks  axe  interposed  in  a 
probabilistic  aanner,  enough  of  then  are  slaultaneous,  to  render  Boat  ccaannicatlon 
very  inefficient. 

APPH0ACHB5  TO  OVKROOMIBQ  IHE  BARRIERS 

Ibsre  are  a  nunber  of  possible  approaches  to  overccaing' these  u^saiiiliHl  Itii 
barriers.    The  first  irtilch  should  be  consldsred  is  special  training  far  the  Manager. 
This  could  iaprove  conditions  but  he  aay  have  some  Inherent  liaitatlais  (auch  as 
tias  and.  desire)  irtilch  could  seriously  hinder  laciroveMnt. 

Another  approach  la  to  train  the  professional  worker.^  The  HfcifiyMHI  of  success 
of  this  approach  is  less  since  he  lacks  the  necessazy  Ingredient  of  control. 

i   Hnally,  the  structure  of  the  organisation  can  be  changed.     The  siwlest.  aost 
?ir^r',"!?2*  **^  ***^**  **^*  *•  *o  add  a  eoasainication  Amction  or  dls^ll^. 
A  Te^cal  iBforwitlon  Specialist,  placed  as  a  staff  assistant  in  first  livel.  is 

aost  proaise  of  eUainattng  the  blocks  to  coaaunication.  ^^ 


qUIDELIWBS  FOR  DBSItanMO  THE  SBaCTORE  ^  '"^        •  ' 

'^^  '*^*^r  *^  ***•  <*«^^  •««»  of  all  the  technical  gnxais  ataoult  be 
•aaljried.    Special  coosid«ratia»  should  b.  given  the  i««itificatlSTrSMnt  « 
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overlapping  interests. 


Hsxt,  a  study  of  the  inter-departaent  comnunicatica  paths  should  be  undertaken. 
In  areas  where  conplexity  and  high  Infonaation  flow  or  bottlenecks  show  up,  a  com- 
Bunication  specialist  should  be  added.  The  Job  specification  should  bf  written  to 
meet  the  needs  Indicated  by  the  study.  'For  effectiveness  the  caimication 
specialist  should  report  directly  to  the  task  manager  of  the  group  but  should  have 
cootiznious  ccotcurt  with  the  prime  source  in  the  orgsnizatlon  for  generating  extezval 
Infomation.  The  line  Managers  should  be  given  some  training  on  how  to  use  the  In> 
formaition  SpeciCLList.  PVequent  formal  meetings  should  be  set  up  for  contact  between 
all  niformation  Specialists.  This  is  necessary  to  prevent  the  task  maziager  from 
using  the  specialists  to  Just  keeping  blJB  infomed,  defeating  the  broader  infox 
tion  and  communications  needs  of  the  organisation. 


A  SAM>LE  OP  THE  STRUCTURE 
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PIGUftt.  1 


wag  THIS  MW  STROCTDH»  WgJ.  PO 

The  nw  ■tructure  (Plguw  1)  will  overcomB  wany  of  the  CoB«unicaticm  barriers. 
Ih  a  poeltlve  way  It  will  aceonpllsb  nany  of  the  following  needat 

X*    Aeelsts  individuals  vbo  becoM  lax  in  keeping  up  with  the 
;.,^?"x-*^,    atate  of  the  art. 

2.  Aids  aaabers  In  laying  out  searches  and  preventing  duplication. 

3.  Integrates  knowledge  of  other  groups  and  gains  their  co-operation. 
k,     Abstzacts  articles  ccnnoa  to  all. 

5.  Prsfvents  infoznatlon  being  hoarded  or  nonopollzed. 

6.  Aids  In  verlf isatioo  of  inform&tlon  and  thus  prevents  verification 


7.  Helps  plan  Infoznation  channels  on  each  project. 

8.  Relieves  the  Manager  of  the  details  of  processing  infonattlon 
irtilch  could  be  date  by  another. 

9*  Keeps  policy,  procedures  and  engineering  logs  current. 

10.  Provides  management  with  feedback  and  helps  upward  ccnamlcatlcn.' 

U.  Keeps  files  of  conpetitlve  products. 

12.  See  that  libraries  are  efficient  (many  are  not). 

13.  Aids  in  technical  paper  presentation.      .     <     i 
Ik.  Aids  In  military  proposal  writing.      .  ,  vt/ .-V  3^- -iS 
15.  Inqproves  creative  cllaata. 


.* , 


8 


•^  Mr' 


."'tT*,  '''•^}%^^  V'**^-' ' , 
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DAWSERS  AHD  PIZPALLS 


As  in  any  system  it  is  well  to  look  at  pitfalls  envisiooed  and  try  to  provide 
for  them. '    Because  of  the  inf onial  ties  across  the  boaxd  and  to  the  external  In- 
fanatico  group,  the  Icwer  level  supervisors  and  managers  may  develop  an  unfavorable 
attitude  until  the  systwa  Is  proved.    There  may  be  seme  uncooperative  professlooal 
workers  in  the  beginning.    Group  attitudes  to  change  axe  usually  ne^itlve.    ' 

Hm  real  keys  to  making  the  system  work  is  the  desize  of  management  and  the 
KblUty  of  the  infonmrtion  specialist.    If  failure  occurs  it  will  be  in  not  picking 
the  right  man  for  the  Job.    The  importance  of  selling  the  whole  system  can  be  under- 
estimated, resulting  in  the  loss  of  integration  across  the  bo«z4.    Authority  or  de- 
cision making  should  not  in  any  way  be  taken  away  from  the  manager.    Also,  the  pro- 
fessional worker's  personal  responsibility  to  see  that  be  geets  needed  Infozmtlon 
should  not  be  passed  on  to  the  Inforomtlon  Specialist.  »*—>»■•■ 
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Last,  but  not  least,  the  structure  ^ould  not  be  used  as  a  Judgnent  of  in- 
dividual worth!  That  is  ,  majoageinent  by  objectives  should  not  be  replaced  by 
manaeemwnt  through  hearsay.  Derogatory  values  passed  on  by  an  ungxiarded  tongue;, 
should  not  be  used  as  a  Jusgaent  at  any  indivldaal.  With  -grageT  care,  and  using 
feedback  to  check  conditions,  these  dangers  can  be  avoided. 


SUGGESTEa)  PILOT  FLAN 


Make  a  fully  worked  cut  ccopany  pilot  plan  and  program  on  paper.  Pick  an 
aversige  technical  department  for  the  pilot  Ifflplementatlon.  specify  all  duties  of 
the  Infonaation  specialists  and  carefully  pick  a  qualified  person.  A  series  of 
£ducatloaal  Conferences  between  the  Managers  and  the  Specialists  in  which  each  one 
works  out  his  objectives,  can  be  conpared  with  the  genend  theoretical  objective 
stated  in  the  tentative  plan.  ,  Modify  the  plan  depending  upm  constraints  and  re- 
sources available.  ' 

Be  sure  to  align  the  self-interest  of  the  Manager  to  overall  coBq;>any  object- 
ives with  regard  to  infozinatlcn  objectives . -^  Put  the  coopany  library  In  the  picture. 
Set  the  plan  In  operation  and  require  cm  informal  feedback  reporting  system  to  the 
infonnatlou  depturtment  and  manager  to  correct  any  faults.  After  several  aojriths 
experience  in  one  group  the  system  can  be  expanded  to  other  technical  groups. 


I 


OOHCLUSIONS 


The  information  discipline  must  be  directed  as  a  service  to  the  professional 
man  and  not  as  a  special  administratiye  assistant  to  the  MBuuger.  The  work  should 
be  rtin  on  a  "management  by  objective  "philosophy.  The  individual  chosen  to  fill 
the  discipline  must  have  the  correct  qualifications. 

'Stat  information  discipline  should  be  structured  into  each  technical  group  and 
co-ordinated  with  the  organizations'  external  information  service  group.  The  trend 
in  orisanlzatlons  is  to  have  the  span  of  reopens iblllty  replace  the  so  called  Span 
of  Control.  Under  the  span  of  responsibility  concept  the  number  of  men  reporting 
to  one  Individual  is  much  greater  than  before.  Therefore,  each  Manager  can  give,, 
less  time  to  each  mem,  for  transmitting  Infonnatlon.  Thus,  the  inclusion  of  an 
information  function  meikes  the  span  of  responsibility  more  effective  and  broader. 

•    Management  must  be  so  organized  that  the  problem  solver  or  Professional  Bb- 
ployee  is  most  effective .  ^  To  structure  the  organization  by  inserting  an  informa- 
tion function  in  each  group  is  a  powerful  tool  for  doing  this.  Starting  In  one 
group  first,  as  a  pilot  plan,  then  it  can  be  enlarged  through  the  irtiole  organiza- 
tion. A  training  progx-am  is  necessary  for  the  Infoniaatian  Professional. 

The  intangible  gains  are  many,  yet  are  hard  to  value.  The  costs  are  obvious. 
Top  management  wants  to  know  that  the  value  achieved  is  more  than  the  costs.  The 
Field  of  Information  Eccnonics  bus  noiy  recently  been  developed  as  a  part  of  the 
business  systems  field. 

The  scientist  has  been  given  many  elaborate  tools  to  aid  him  in  his  work. 
A  careful  analysis  of  his  activities  indicated  his  unfilled  needs  are  in  the  area 
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OOHCLUSIOIIS  -  (Coat.) 


irtiere  faucan  Jud^nent  and  dlscriflinatlon  are  necessary. 


Life  Is  brief  but  art  Is  longer 

So  tbe  sages  say  in  sooth 
Nothing  could  be  vorse  or  wronger 

Than  to  doubt  the  ancient  truth 
Bidlese  volumes,  larger,  fatter 

Prove  man's  intellectual  climb 
But  in  essence  it's  a  matter 

Just  of  having  lots  of  time. 


■HITr-' 


Give  me  half  a  dozen  monkeys 

Set  them  to  the  lettered  keys 
And  Instruct  these  simeon  flunkies 

JUst  to  hit  them  as  they  please 
Lo;  the  antropoid  pleblans 

.Tolling  at  their  careless  plan 
Would  in  course  of  countless  aecos 

IXiplicate  an  information  plan. 


.|Hi»!'?«'^.f;i',i::?'?;?;-t?S-&'"s"' 


;-^^. 


^^■'■•^$^.im-M&-:^ 
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PERSONNEL  AND  ORGANIZATION  DEVELOPMENT 
IN  AN  R&D  MATRIX-OVERLAY  OPERATION 
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ITT  Federal  Laboratories 

Nutley,  New  Jeraey 


Suanary 

Increasingly,  R&D  companies  are  finding  it  deairable  to  adopt  a  "matrix- 
overlay"  organization  structure  to  accooplish  project  goals  on  a  timely 
and  efficient  basis.     In  shifting  from  a  straight  functional  organization 
to  a  combined  functional /project  form,  soma  key  changes  must  be  m»de  in 
responsibilities  of  Program  Managers  and  managers  of  engineering  "Capabili- 
ties Centers."     New  standards  of  performance  and  means  for'  reward  and  ad- 
vancement under  the  revised  organization  structure  must  be  developed. 
Diverse  management  and  social  science  experience  are  called  upon  in  plan- 
ning and  implementing  the  matrix-overlay  structure  through  the  development 
of  such  standards. 


Broadly  speaking,  there  are  two  organisational  structures  for  R&D  work:     the  func- 
tional organization  and  the  project  organization.     In  terms  of  expected  character- 
istics of  the  two  organizational  forms,  it  can  be  said  that  the  functional  organi- 
zation encourages  growth  and  development  of  technical  experts  while  the  project 
organization  gets  the  job  done  and  develops  leaders  at  the  working  level.     There  tte 
advantages  and  disadvantages  of  each  type  of  organization,  but  no  matter  which  form 
is  established,  the  typical  research  and  developownt  operation  eventually  uae's  both 
arrangements  with  a  resulting  mix  of  advantages  and  disadvantages. 


A  major  dileona  for  R&D  management  is  to  coid)ine  technical  people  into  working 
groups  In  such  a  way  as  to  maximize  application  of  their  creative  Ingenuity  while  at 
the  same  time  developing  sufficient  "end-item"  orientation  to  achieve  a  practical 
payoff  from  the  research  effort.     Organizing  researchers  into  groups  based  on  disci- 
plines protects  the  Integrity  of  specialized  competence.     It  provides  a  honogeneous 
cluster  of  people  which  is  relatively  permanent,  with  close  oonmunlcatlon  within 
common  areas  of  Interest.     In  the  usual  functional  organization,  however,   such 
groups  are  inclined  to  become  somewhat  compartmentalized,  with  parochial  Interests 
and  a  continually  narrowing  purview  of  the  over-all  needs  of  the  operation.     Some 
loss  of  creative  output  is  inevitable  under  such  a  setup,  particularly  where  a* 
closely  managed,  goal  oriented  R&D  program  is  required. 

The  straight  project  management  setup,  on  the  other  hand,  divorces  the  technical  man 
from  his  professional  group.     It  places  him  in  an  operating  environment  that  is  too 
strictly  "project"  oriented.     It  removes  him  from  the  technical  status  reUtlonahlpa, 
colleague  authority,     and  scientific  reference  group  identification  which  are  IsK 
portant  to  development  of  good  technical  capability  in  an  organisation. 

:u     rder  to  achl^re  the  advantage,  of  both  functional  and  project  organisation,  many 
a&£  organizations  have  been  adopting  a  "hybrid"  type  of  organization!;!  arrangement. 

.      red  to  interchangeably  as  a  Matrix,  crossbar  or  overlay  organization.     In  the 
r  .tr IX  organization  a  Program  Manage»«t  group  is  set  up  with  the  purpose  of  getting 

lob  done  by  drawing  upon  the  capabilities  of  functional  or  line  group.,  including 
engineering  and  support  services.     In  effect.  Program  ManagSMnt  become,  a  aua.i- 
permuient  line  group.     Individual  staff  mM>er.  are  te^JfTy  .JSJJS  JoT 
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I  particular  prograa  and  upon  iti  completion  cither  return  to  hone  bate  (or 
'Capabilities  Craters")  or  nay  remain  in  Prograa  Management  to  work  on  new  prograas. 

jit  has  been  found  that  the  organisational  changes  which  are  made  in  Inpleaanting  the 
|Prograa  Manageawnt  incept  result  not  only  in  the  expected  Inprovements ,  but  sone 
leleterious  side  effects  as  well,  particularly  insofar  as  employee  motivation  and 
I  interpersonal  relationships  are  concerned.     Thus  it  is  particularly  inportant  that 
[a  company  introducing  the  Matrix  type  of  organisation  where  a  aore  traditional  func- 
jtional  fpm  existed  should  take  steps  to  naxinise  the  benefits  and  minimise  the  neg«- 
itlve  effects  on  its  people. 

|Usually,  in  laplcsMnting  the  Progran  Management  concept  in  its  operation,   the  conpany 
publishes  new  organisation  chatts  and  issues  directives  and  bulletins  to  nodify  em- 
;>loyee- perfomanc*.     Such  methods  are  necessary,  but  more  important,   it  is  the  estab- 
llishaent  of  clear  standards  of  required  performance,  fair  evaluation  thereof,  and 
[setting  up  of  reward  and  advancement  systems  which  are  responsive  to  the  new  needs 
(of  the  Matrix  organisation,  which  help  management  to  obtain  the  needed  engineering 
'acceptance  and  support. 


ChanRes  in  Required  Performance  of  Engineering  Personnel 


By  definition,  the  Matrix  organisational  setup  affects  people  in  all  reaches  of  the 
operation.    However,  it  is  engineering  performance  which  is  most  crucial  to  the  suc- 
cess of  the  new  organisational  approach.     For  this  reason,  the  required  changes  in 
Iierfomance  under  the  new  nanagement  are  discussed  here  primarily  from  the  point  of 
view  of  the  technical  element  of  the  operation.  *A  point  worth  making  is  that  it  la 
not  the  organisational  structure  per  se  that  creates  a  change  in  the  reward  and  ad* 
vanceawnt  structure,  but  the  accompanying  differential  performance  requirements  of 
higher ^nanagenent  that  do  so.     It  is  only  to  the  extent  that  new  performance  require- 
nents  with  respect  to  higher  level  engineering  filter  down  to  operating  level  engi- 
neers that  if  beeoBMs  appropriate  to  develop  new  standards  of  operating  level  engi- 
neering perfomance. 

It  is  presumed  that  in  nost  organisations  operating  under  the  Matrix  concept  the 
required  performance  of  operating  level  engineers  (non- supervisory)  would  be  sub- 
stantially the  sane  as  under  any  previous  organisation.     These  personnel  continue 
to  report  to  engineering  project  nanagers  and,  working  at  a  relatively  detailed  and 
highly  specialised  level,  do  not  becone  involved  in  changed  working  relationships 
as  do  the  higher  levels.     In  their  case,  standards  of  effective  perfomance  and 
accompanying  rewards  remain  the  sane  as  earlier. 


There  are  several  ways  in  which  the  Prograa  Management  concept  has  been  Implemented 
in  organisations,   some  effective,  some  much  less  so.     For  example,  Program  Manageiaent 
(or  Progran  "Control"  in  this  case)  nay  be  provided  nininal  authority  wherein  it  is 
required  only  to  aonitor  prograa  schedules  or  provide  PERT  or  Llne-of-Balance  (LOB) 
assistance  to  engineering  managers.     In  this  situation,  minimal  change  is  found  in 
the  program  activities  of  the  organization.     Little  cooperation  and  mlnlsHni  results 
can  be  expected.     On  the  other  hand.  Program  Management  may  be  provided  maxlmia  con- 
trol and  authority  over  engineering  prograas  and  projects  with  policy  guidance  and 
support  required  froa  participating  engineering  line  groups.     On  prograas  under  Pro- 
graa Manageasnt,  senior  engineering  aanagers  are  seen  as  heads  of  support  groups  or 
"vendors"  to  Prograa  Msnageaent.     In  this  situation,  changing  to  a  Matrix  organisa- 
tion (especially  froa  a  functional  organisation)  can  achieve  good  end  results,  but 
because  it  Involves  a  aore  fundaaental  change  in  relationships,  it  usually  has  a  aore 
severe  effect  upon  people  and  therefore  requires  aaximum  attention. 
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iAill*  toM  specific  responsibilities  for  senior  engineering  iMnagers  drop  out  under 
the  Mstrlx  concept,  «nd  others  chsnge  in  degree  of  eaphesls,  one  prlM  responsibility 
is  added  by  top  nsnagenent  requireaents.     That  is  the  relationship  of  engineering  j 

lloe  groins  to  the  Prograa  ManageMent  staff.    Ingineering  groups  are  now  required  to 
be  "Capabilities  Centers."    These  Capabilities  Centers  are  foci  of  capabilities  which 
have  a  eeawn  basis  and  in  which  working  relationships  have  been  established.    They  | 

are  relatively  peroanenC— the  "hone  base"  of  the  engineering  specialist.     It  is  there 
that  he  grows  and  develops  professionally.    They  are  "culture  pockets"  for  develop- 
■ent  of  the  state-of-the-art  within  specific  technological  areas.     These  Capabilities  |^ 

Centers  are  required  to  support  Progrsm  Manageswnt  with:     1)  skilled  engineering  tal- 
ent (knowledgeable  in  new  technologies),  2)  facilities,  3)  equipment.     To  aake  the 
■ost  effective  contribution,  the  Capabilities  Centers  must  be  continuously  aware  of 
and  Interact  with  present  and  future  needs  of  Program  Management.     Clearly,  Capablli- 
tiea  Centers  must  also  develop  with  the  aim  of  staffing  for  new  programs  and  projects 
under  their  own  direction.     In  either  case,  engineering  managers  are  now,  more  than 
ever,  to  be  evaluated  by  the  extent  to  which  they  Improve  that  state-of-the-art. 
Infuse  new  talent,  encourage  new  inventions  and  concepts  or,   in  other  words,  maintain 
high  quality  Capabilities  Centers.  ^ 

Not  all  required  performance  of  senior  engineering  personnel  Involves  capabilities  / 
development  in  support  of  Program  Management.     In  the  typical  "mixed"  organisation, 

some  of  these  personnel  have  other  programs  or  projects  to  manage  (not  under  Program  :'j. 
Management  control)  whereby  they  acquire  or  maintain  responsibilities  held  under  the  ' 

previous  organisation.     Standards  of  performance  for  these  personnel  are  discussed  In  |, 

a  later  section.  v 

Program  Manai^ement ' s  Role  in  Facilitating  Better  Engineering  Performance  |; 

'§. 
Program  Management  is  seen  as  a  Network  of  Activity.     Its  function  is  overlaid  on  the  <^^ 

basic  company  structure.     Performance  required  of  these  staff  members  relates  to  plan-  '^' 

ning,  coordinating  and  controlling  the  numeroua  activities  involved  in  nwetlng  a  pro- 
gram goal.     Performance  requireawnta  of  Program  Management  should  place  emphasis  on 
the  ways  in  which  it  can  facilitate  the  engineering  product. 

Successful  execution  of  any  prograa  under  Program  Management  depends  upon  successful 
interaction  between  the  Capabilities  Centers  and  Program  Management.     The  word  "in- 
teraction" is  not  an  empty  euphesdaa.     It  Is  an  absolute  necessity,  inasmuch  as  Pro- 
graa Manageawnt  acquires  its  capability  (although  it  has  authority  under  top  manage- 
aent  directive)  almost  entirely  froa  and  at  the  discretion  of  the  Capabilities 
Centers.     In  order  to  perform  its  Job,  Program  Management  must  assist  engineering 
Capabilities  Centers  to  perform  their  Jobs.     Program  Managera  must  demonstrate  their 
usefulness  to  engineering  and  not  aarely  tell  engineering  how  helpful  they  can  be. 
Program  Managera  should  seek  to  facilitate  engineering  in  some  of  the  following 
specific  ways: 

1.  Give  each  engineering  group  menager  a  "manageable"  Job;  one  that  requires 
solid  engineering  capability  and  ia  achievable.     Provide  engineering  with  all  neces- 
sary inputs  to  do  the  job  (e.g.,  specs.,  technical  manuals,  detailed  requirametits). 

2.  Develop  a  full  underatanding  of  the  problem  (possibly  through  a  detailed 
stateaent  of  work  and  a  subsequent  bid  response  from  each  group)  and  the  necessary 
capabilltiaa  to  do  the  Job. 

3.  Throughout  a  contract,  try  to  free  engineering  from  administrative  paper- 
work, so  objectionable  to  engineering.     One  way  to  achieve  this  end  is  to  obtain 
aeeeasary  information  for  reporta  through  meetings  with  engineering  and  have  the 
Program  Maaageaaat  ataff  actually  write  the  reports. 
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4.  Aid  Manufacturing  by  performing  liaison  between  thae  and  Engineering  by 
■tioulating  the  tiaaly  and  accurata  raeaipt  of  engineering  change  notlcec  and  other 
drawing*  and  reports.     Nhere  elerlfication  of  drawing*  or  apec*  is  neceescry,   Prograa 
Managcrt  should  provide  It  to  Manufacturing. 

5.  Coordinate  and  arrange  necessary  trips  and  laeetings  between  engineering  and 
the  custoaer. 

6.  Track  domi  unauthorised  or  doubtful  charges  against  engineering  caae  nuaben. 

7.  Bnaure  and  conduct  design  reviews,  periodically  to  assure  in-process  design 
adaqixacy .  * 

In  sumary,  Program  Managers  must  perform  two  major  miaaions  Co  aid  in  achieving  !»> 
proved  engineering  products:     They  should  buy  "time"  for  the  engineering  project 
managers  to  perform  their  technical  work.     They  should  direct  engineering  aa  to 
'Srhat"  is  required  and  'Sihen"  while  allowing  engineering  to  detemine  "how"  it  is  to 
be  achieved. 

Engineering  Performance  Standards  on  Programs  Under  Program  Mananaaent 

On  programs  under  Program  Management,  the  increased  time  available  to  engineering 
management  is  expected  to  enable  Che  following  emphasis  on  performance  and  the  ae- 
companylpg  atandards  of  performance : 

1.  Cloaer  technical  supervision.     This  Includes  closer  cognisance  over  design 

decialons  and  drafting,  enabling  time  for  realistic  deaign  revlewa  and  drawing  re--        , 

views.     Standards  of  performance  Include: 

•  Fewer  engineering  changes  during  8&D  including  reduced  number 
and  extent  of  changea  as  a  reault  of  design  reviews. 

•  Reduced  drafting  and  reproduction  costs  ^on  the  program. 

•  Closer  adherence  to   apecs  during  equipment  qualification  tests. 

2.  Closer  liaison  with  manufacturing  in  order  to  aasure  cooipatlbllity  of  the  | 
engineering  product  with  manufacturing  operations.     Standards  of  performance  include:  f| 

•  Minimum  number  and  extent  of  drawing  and  spec  changea  for 
manufacturing  purpoaea.  | 

•  Timeliness  of  delivery  to  Manufacturing  of  an  engineering 
product  in  order  to  meet  delivery' schedules. 

•  Measured  ability  of  engineering  products  to  meet  specifications 
over  the  full  range  of  envlronsMntal  tests. 

^  •  Decreases  in  scrappage  (waste)  costs  which  are  Incurred  as  a 
'''  reault  of  ordering  against  continually  changing  or  inaccurate 
drawings. 

3.  Close  attention  to  atandardising  equipment  circuit  and  component  deaign . 
Standards  of  performance  are  evaluations  aa  to  the  extent  of  engineering  adherence 
to  corporate  atandarda  (e.g.,  ■icromlnlaturlcation).     Much  money  and  time  are  need« 
lessly  lost  in  unneceaaary  replication  of  auch  things  as  flip-flop  circuits  and 
power  supply  design.     Standard*  of  performance  include  cost  savinga  obtained  throu^ 
greater  atandardlEation  in  the  following  specific  areaa: 
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•  Thxou^  placflMiit  of  larger  orders  wherein  cost  advantagci 
•r*  th«r^7  obtained. 

.  Ihroagh  raduetlon  In  nw  tooling,     bitting  tooling  can  be 
utilise^  to  a  greater  degree. 

•  Through  reduced  coitf  of  training  new  operators. 

.  Through  experience  In  producing  slallar  products  well. 

.  Reduction  in  rcNork  or  ecrappage  which  In  turn  results  In 
greater  availability  of  capital  equlpMnt. 

4.  Greater  opportunities  for  recrultaent  and  development  of  high  calibre  ensi- 
nters.     Specific  asasures  of  perfonuunce  of  these  responsibilities  can  be  the  follow- 
ing: 

•  Greater  nuaber  and  quality  of  high  talent  and  advanced 

degree  engineers.  ,   '- 

•  Greater  nuaber  and  quality  of  published  articles. 

•  Greater  nuaber  of  stace-of-che-srt  patents. 

•  Greater  nunber  of  valid  promotions. 

5.  Greater  order  Input  and  billings.     Engineering  is  at  least  partly  responsible 
for  «rder  input  and  billings.     Engineering  performance  is  in  large  measure  a  factor 
in  the  amount  of  new  and  add-on  business  acquired.     Three  specific  standards  of  per- 
formance  are: 

•  Greater  Yield  rate  (#  of  Awards/Quote). 

•  Reduced  Expense-of -Capture  rate  (Expense/Award). 

•  Increased  Percentage  share  of  new  and  desired  markets. 

6.  Greater  recognition  of  engineering  capabilities  by  outside  professional 
groups  and  organizations,  other  corporate  divisions  and  internal  groups.     Specific   ',: 

iures  of  pei;formance  include: 

•  Greater  frequency  of  requests  for  and  participation  on  key 
technical  committees  and  at  technical  seminars. 

•  Greater  nuiri>ers  of  requests  for  and  contributions  to  other 
company  elements. 


•  Greater  numbers  of  requests  for  and  contributions  to  other 
internal  corporate  groups. 

It  will  be  noted  that  these  performance  requirements  place  es^hasia  on  technical 
•xcellmnoe  for  engineering  personnel ,  an  emphasis  which  can  easily  be  overlooked  in 
this  age  of  "massive  engineering."     The  Matrix  organisation,  in  effect,  makes  it 
possible  for  the  technical,  man  to  be  e  better  technical  man  rather  than  be  forced 
reluctantly  into  the  snld  of  a  manager. 
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BnRtneTlog  P«rfot— nc«  and  Sf  n<Urd«  of  PTfof—nc« 
that  tLV  not  Af f •et«d  by  Pro«r—  Mmagcaent 


Sine*  tho  typical  organisation  applying  tha  Program  Managaaant  concapt  i«  "hybrid" 
(that  is,  th*  larger  contracts  ara  under  Prograa  Hanageaent,  snaller  ones  are  Managed 
directly  by  engineering  project  Managers),  not  all  engineers  can  divest  theaselves  of 
nanageaent  responsibilities;  nor  arc  they  likely  to  desire  to  do  so.  Those  engineer- 
ing .aanagers  who  OMUiage  contracts  not  under  Program  Hanageaent  will  have  responsibili- 
ties  in  addition  to  those  Mentioned  above,  with  accoopanying  perforaance  standards  cs 
follows: 

•  Achieve  order  input  at  projected  $  levels. 

•  Achieve  billings  at  projected  $  levels. 

•  Heet  delivery  schedules  on  tiae  and  within  costs. 

.  Maintain  customer  satisfaction  through  reduced  frequency  of 
cooplaints. 

.  Assure  proper  profit  aargin. 

.  Enter  new  aarkcts  in  accordance  with  Corporate  Business  Plans. 

«  Administer  General  DevclopsMnt  funds  •- 

a)  to  achieve  technical  objectives  within  costs, 

b)  to  achieve  short  and  long  range  payoff. 

•  Maintain  low  indirect /direct  ratios. 

These  perforaance  reqeireaents  are  both  business-oriented  and  technicalljr-oriented 
responsibilities.  They  require  the  proper  aix  of  aanageaent  and  engineering  compe- 
tence. 

Areas  of  Overlapping  Perforaance  and  Standards  of  Performance 
between  Engineering  and  Prograa  Manajteawnt 

To  coaplete  the  picture.  It  should  be  pointed  out  that  certain  responsibilities  isust 
necessarily  be  shared  by  engineering  aanageaent  and  Prograa  Hanageaent.  Standards  of 
perforaance  for  these  areas  include: 

I    •  Meeting  delivery  schedules. 

Operatli^  within  budgets. 

•  Assuring  customer  satisfaction. 

■  ■■.  Sales. 

Vhile  the  above  standards  are  primarily  required  of  Program  Management  or  Sa|j^  (Mar- 
keting), it  would  be  unrealistic  to  remove  all  responsibility  and  accountability  for 
these  standards  of  perforaance  froa  engineering  Capabilities  Centers.  We  take  spe> 
cific  note  thai!  interaction  and  cooperation  between  Prograa  Managcawnt  and  engiT«*«rlng 
Capabilities  Centers  are  a  sine  qua  non  toward  satisfactory  achievenent  of  th#  Woove 
standards  of  perforaance. 
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OpportunttlM  for  Growth  mod  Advnc— nt  for  EMiB«»rln«  PTioonei 
undor  tho  Pro«r—  MM«n— «*  Cane«pt 


k»   staeod  Mrllcr,  rwards  and  advanccMnt  are  affected  by  1)  changM  in  required 
perforMoce  and  2)  evaluation  of  the  extent  to  which  accompanying  atandarda  ^f  per- 
fonMuee  are  achieved.  At  the  higher  levele,  two  dlatlnct  typea  of  tpeclaliata  will 
in  tlM  OMrge  froa  engineering  Capabllitlea  Center*  as  a  reeult  of  the  "■Ixed  per- 
formnce  required  of  these  centers.  The  first  will  be  the  top-notch  engineering 
■anager  and  the  second  will  be  the  top-notch  technical  expert.  The  engineering  mana- 
ged will  becoae  an  expert  in  running  prograas  and  projecta  in  his  own  area.  The 
technical  specialiat  will  be  developed  by  the  Capabilities  Center  and  utilized  appro- 
priately by  Prograa  HanageMnt  as  well  as  by  the  Capabilities  Center.  The  reault  is 
that  an  alternative  path  of  advanceaent  in  Prograa  Managcaent  (in  addition  to  the 
path  in  the  Capabilities  Center)  is  now  available  to  the  coapctent  engineering  aana- 
gar.  In  fact,  the  engineering  aanager  can,  as  a  aanager,  develop  in  two  soaewhat 
distinct  directions:  he  can  becoae  a  aanager  within  the  Capabilities  Center  or  he 
can  aove  into  broader  prograa  aanageaent.  In  the  first  case  he  has  supervisory 
rasponslbllltles,  yet  rcaalna  closely  Involved  In  the  technical  alllev.  This  choice 
represents  a  clear  coaproaise  between  the  typical  engineer's  profeaalonal  needa  and 
organisational  achieveaent.  On  the  other  hand,  in  choosing  the  Prograa  Manageacnt 
route,  the  engineering  aanager  broadens  hiaself  by  gaining  an  overview  of  coapany 
operation.  His  aanageawnt  dutlea  involve  coordination  of  aany  functional  areas  in 
raapect  to  his  specific  prograa:  engineering,  aanufacturlng,  aarketlng,  proeureaent, 
quality  assurance,  and  so  on.  The  aan  who  wants  to  reaain  purely  a  technical  spe- 
cialist aay  pursue  adv^nceaent  through  the  Senior  Scientist  (or  Scientific)  hierarchy 
It  la  interesting  to  nQ!te  that,  while  auch  attention  has  been  given  by  R&D  organisa- 
tions to  the  need  for  a  "dual  hierarchy"  of  advaaecacnt  for  scientific  personnel,  the 
Matrix  concept  in  the  aanner  described  above  in  effect  provides  three  channels  for 
advanceaent  of  technical  personnel. 


Nhare  Prograa  Msnageaent  Is  established  as  an  avenue  of  advanceaent  for  coapetent 
engineering  aanagers,  it  should  be  equal  to  (but  not  greater  than)  that  through 
engineering.  Thia  objective  can  be  achieved  through: 

•  Bstablishlng  sound  financial  Incentives. 

.  Encourageaent  of  the  best  engineering  aanagers  both  within  and 
outside  the  coapany  into  Prograa  Managcaent. 


Successful  coapletion  of  progrsas;  acquiring  of  new  business. 
The  best  engineering  aanagers  will  try  to  Join  a  winner. 

Intensive  selection  of  prograa  aanagers  and  associate  prograa 
aanagera  based  on  paat  project  aanageaent  aucceas  and  on 
aanagerlal  afcllla. 

Carrying  out  developMnt  prograaa  specifically  for  the 
enhancaaant  of  englneering-aanageaent  abilitiea. 


Mot  the  laaat  regard  for  the  prograa  aanager  is  the  satisfaction  of  "asking  things 
happen."  He  aehiaves  his  goala  through  other  people  and  faces  the  challenge  of  coor- 
dinating and  integrating  the  efforts  of  people  with  widely  varying  akiUa  and  Inters 
eata.  Hia  aatiaf actions  derive  froa  attalnaent  of  reaulta  which  ara  relatively 
obaarvabla:  aaating  tiae  schedules,  coi^l'ting  work  within  establiahed  budget 
attaining  euatoaer  approvals  through  aaetlng  specifications,  and  ao  forth 
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For  Ch«  t«chnleal  expert,  Che  '"profctsloiiAl  ladder"  becoiMS  the  basis  of  reward  and 
advanecaent .     A  Senior  Seientiet  hierarchy  of  advaneeaent  can  be  established  as  one 
offering  prestige  and  status,  as  well  as  eeononic  reward.     The  professional  enpley 
ee,  the  technical  specialist,  is  nore  likely  to  be  inclined  towsrd  outside  profes> 
sional  identifications  and  interests.    These  interests  should  not  be  considered 
•inconpatible  with  conpany  goals.    On  the  contrary,  the  Progran  Hsnageasnt  concept, 
with  its  "Capabilities  Centers"  and  emphasis  on  technical  excellence  in  the  engi- 
neering groups,  requires  that  the  technical  specialist  do  all  in  his  power  to  de- 
velop his  technical  capabilities.     This  developnent  depends  directly  upon  naintain- 
ing  lines  of  interest  and  connunication  with  outside  specialist  groups  and  the 
scientific  eonsunity  as  a  whole.,   There  is  soiae  evidence  that  nanagenent  does  not 
fully  recognise  the  extent  of  professional  ^conaif  ent  of  the  technical  specialist. 
Survey  results  tend  to  show  that  scientists  and  engineers  are  soaswfaat  less  satis- 
fied with  their  Jobs  than  are  those  who  have  aoved  up  the  administrative  ladder. 
It  is  recognised  that  engineers  for  the  aost  part  do  not  perceive  the  technical 
area  as  their  bi^t,  long-range  bet.     More  money,  recognition,  opportunity  to  influ- 
ence decisions  and  achieve  power  are  available  through  manageawnt.     To  offset  this 
tendency,  aany  electronics  coupanles  are  Investigating  aeans  of  notivstlng  and 
rewarding  scientists  and  engineers  through  their  technical  hierarchy  of  advance- 
sent.     The  establishment  of  SI  equally  rewarding  ladder  of  advaneeaent  within  the 
Capabilities  Center  for  the  technical  expert  provides  an  excellent  aeans  for  over- 
coadng  these  motivational  difficulties  which,  in  turn,  will  help  to  ensure  the 
success  of  a  Program  Management  operation. 


Following  these  observations,  efforts  to  develop  better  technical  engineers  should 
include  the  following: 

•  Development  of  a  clear  path  of  entry  into  and  good  advancement 
potential  within  the  scientific  hierarehy  for  qtialified 
engineers  a^  scientists. 

•  Greater  encouragement  of  and  recognition  for  technical 

achievements  (e.g.,  patents,  technical  papers,  state-of-  > 

the-art  design,  etc.). 

•  Comaunication  downward  of  the  broad  objectives  of  the 
organisation  including  its  aim  toward  furthering  technical 
leadership. 

•  Strong  training  and  development  programs  aimed  towards     ^.' 
improving  technical  excellence.     These  Include  tuition       ' 
reimbursement,  in-house  seminars,  compsny- sponsored 
graduate  fellowships,  and  similar  programs. 

•  Understanding  and  acceptance  of  revised  standards  for 
performsnce  of  engineers— stsndards  plsclng  emphasis 

'  on  technical  excellence. 

The  latter  action  area  is  perhaps  most  important,  particularly  in  the  context  of 
this  article.     Bow  can  the  revised  performance  standarda  best  be  implemented  in 
the  organisation?    The  answer  depends  In  part  on  existing  organisational  procedures 
and  programs  in  the  company.     For  example,  performance  reviews,  if  carried  out  on 
a  periodic  basis,  should  be  based  on  standards  such  as  those  outlined  sbove  for 
senior  engineering  people  as  well  as  prograa  managers.     Another  means  for  Imple- 
mentation of  these  performsnce  stsndards  Is  in  formulation  and  stateaent  of  prograa 
plans,  such  as  those  prepered  by  Program  Manageaant .    Also,  such  requirsaaht  should 
be  spslled  out  in  revised  Job  descriptions,  as  appropriate.     In  the  latter  case, 
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It  U  Ktleolarlj  li^ertaat  that  tlM  rsvlaW  Jpb  dMcriytiou  k«  maim  avalUbls 
t*'dM  ladlvldMls  iovelvad  to  halp  ebtala  thair  uiri«rat«B4iat  aad  aeeaptMca  of 


riaslly.  a  mjor  araa  of  iiiplMMatatlon  of  parfocMaea  atandarda  la  la  a  aora  or 
laaa  foiMl  voal  aattl^  rcograa  f<»  hl«liar  laval  taehnleal  aad  aaaagarlal  tMMit- 
■al.     Xa  aaeh  prngrtm,  which  ara  bali«  adoptad  aora  aad  aora  by  ladoatrlal  fins, 
ladlTldttai  Job  ebJaetlToa  ara  apallad  out  la  vrltlot  for  aaeh  kay  ai^loyaa  with 
yardatleka  aa  ataadarda  for  avaluatlon.     Such  a  prograa  provldaa  aa  asealloat  aaaaa, 
flratffor  aatabllahlag  aa  oadarataading  of  pmrfomaaea  roqulroMata  aad  ataadarda, 
aad  aa  a  aoorea  of  aBtlvatloa  for  earrylog  th«i  o«t  aa  wall.    Ihla  la  particularly 
traa  If  tha  avaloatloa  of  raaults  Is  llakad  in  oaa  way  or  aaothar  to  a  apaelal 
flaaaelal  raward  auch  aa  a  boaua  or  proflt-Aarlag  arraagOMat. 


IfBtat  of  tha  dlff  leultlas  which  ara  llkaly  to  arlaa  froa  tha  changaevar  to  a  Matrix 
font  of  orgaalaatloa,  with  Prograa  MuagaMat,  raaolt  froa  alsoadarataadlag  cob* 
caralag  job  raapoaalbllitlaa  aad  ataadarda  for  parfotaaaeo.    larly  raeogaltioa  of 
tha  aaad  to  daf  laa  aaw  parfoxaaaea  ai^actatioBa,  apaelfle  araaa  of  raajpoaalhUity 
(iaelvdlag  ovarlapplag  or  eooparatlva  raqvlraMats) ,  fair  appralapl,  aad  coaaldar> 
atloa  of.  tailor  aada  raward  aad  adraacaanit  tystaaa  will  go  *  long  wy  ^  faclll- 
tatiag  aaglaaarli^  aopport  In  a  ehanga  to  tha  aatrlx  organisation. 
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SYSTEMATIC  ATMOSPHERIC  REFRACTION  ERRORS  OF 

BASEUNE-TYPE  RADIO  TRACKING  SYSTEMS  AND 

METHODS  FOR  THEIR  CORRECTION 


♦        by 

G.D.  Thayer  and  B.  R.  Bean 
ABSTRACT 

The  theory  of  systematic  atmospheric  radio  refraction  errors 
affecting  measurements  of  range  and  range  differences  (and  associated 
time  rate  of  change  of  these  quantities)  is  developed.     It  is  shown  that 
the  refraction  errors,   particularly  in  range  difference  measurements, 
can  seriously  affect  the  accuracy  of  baseline-type  tracking  system^. 
A  method  is  derived  by  which  the  systennatic  portion  of  these  errors 
can  be  removed  by  means  of  linear  relationships  involving  the  surface 
value  of  the  radio  refractive  index;  the  correction  process  devised  can 
be  used  in  real  time  if  desired.     Several  test  cases  are  examined  where 
horizontally-varying  profiles  of  the  refractive  index  variation  with  height 
are  used  to  calculate  the  errors,   and  the  correction  process  based  on 
surface  refractive  index  values  is  found  to  be  useful  under  these  more 
general  conditions.     Approximately  98  percent  of  the  tqtal  range  or  range 
difference  error  can  be  removed  using  this  correction  procedure.     The 
problem  of  baseline  optimization  for  deep-space  tracking  is  examined 
briefly,   and  it  is  shown  that  a  baseline  length  of  about  4,  000  miles  is 
optinrial  for  targets  more  than  about  6,  000  miles  from  the  earth,   and  for 
such  a  system  residual  atmospheric  refraction  errors  would  be  only  a  few 
hundredths  of  a  microradian,   assuming  the  validity  of  ray  optics  and  of 
the  models  of  the  atmosphere  used  in  this  paper. 
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SYSTEMATIC  ATMOSPHERIC  REFRACTION  ERRORS  OF 
BASELINE- TYPE  RADIO  TRACKING  SYSTEMS  AND 
.  METHO IDS  FOR  THEIR  CORRECTION 

■>,,  .     '.;^^:v-".  by      ■■ 

G.  D.    Thayer  and  B.   R.  Bean 
;  •  ''■''  National  Bureau  of  Standards 

^■■"     ■''■'  Boulder,   Colorado  ^       .^ 

i  1.     Introduction  eind  Background 

— -  ^ 

*  Errors  in  measurements  of  distance  made  with  radio  equipment  are  caused 

in  part  by  the  refractive  nature  of  the  atmosphere,  the  velocity  of  propagation  of  a 
radio  wave  is  a  function  of  the  refractive  index  structure  over  the  propagation 
path,    and  the  path  itself  is  distorted  from  a  straight  line  by  refraction  of  the  radio 
wave  front.    For  the  purpose  of  this  paper  a  radio  range  error  will  be  defined  as 
the  difference  between  the  true  distance  separating  two  points  and  the  distance  as 
measured  by  the  transit  time  of  radio  signals  between  the  two  points.     In  this  de- 
finition it  is  assumed  that  the  measured  value  of  range  is  computed  as  if  the  radio 
signals  were  transmitted  in  a  straight  line  and  using  the  in  vacuo  velocity  of  light. 

Radio  rcuige  errors  are  of  considerable  importance  in  determining  the 
overall  accuracy  of  modern  radio  tracking  or  guidance  systems  which  utilize  the 
.  principle  of  triangulation  (in  three-dimensional  space  )  to  locate  target  position. 
The  basic  geometry  involved  in  such  tricingulations  is  shown  in  figure  1.      Two 
antennas,   A    and  A_,   each  measure  a  range,   R    and  R     respectively,  to  a  common 
target  point.     These  two  rcinges,   plus  the  (surveyed)  baseline,   B    form  the  three 
sides  of  a  triangle  R^BR      ;  the  direction  cosine  to  the  target  (from  A.  with  re- 
spect to  B  )  can  be  easily  derived  from  the  trigonometric  law  of  cosines  as: 

^ffFJ^"-""-  C08p=-i ? .  (1)       :. 

■■-*^;?^^.*^'^^  *?  _  2R^B  : 

Phase-locked  systems  measvire  the  range  R    amd  a  range  difference, 

DRsR^-R^.  ,  (2) 

and  in  this  case  (1 )  may  be  rewritten  in  the  form: 


cos 


PR  .    B^-  DR^ 


.&* 
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The  target  position  is  determined  by  measuring  another  direction  cosine  with 
reapect  to  a  second  baseline  from  A^  to  a  third  antenna  A^  (not  shoAvn). 

The  error  due  to  refraction  effects  in  the  range  difference  measure- 
ment is  simply  the  difference  between  the  radio  range  errors  of  R^^  and  R2  in 
(2).     Throughout  the  remainder  of  this  paper  the  terms  range  error  and  range 
difference  error  will  refer  to  atmospheric  (not  ionospheric)  refraction  errors 
which  will  be  denoted  by  the  operator  A,  while  a  range  or  range  difference 
measurement  containing  a  refraction  error  will  be  starred;  thus  fro^  (2): 

D  R      =  R^     -   R2       . 

DR+ADR  =  R^+AR^-(R2+AR2)    , 

A  D  R  =  A  R^  -  A  R^    .  ( "* ) 

The  error  in  the  direction  cosine  due  to  the  range  errors  AR^  and  AR2  can  be 
fovind  by  deriving  the  differential  of  the  function  cos  p  in  (1)  ,    since  the  range 
errors  are  always  very  small  compared  to  the  ranges  (  AR/R  <  0.0004): 

*/  ox-  ^2        ADR  B^-DR^        ^^  ,cx 

A(cosp)=        —      -^-     -     —I—-      ^^1    •  <5) 

1  <i  K.    xj 

Equation  (5)  is  asymptotically  exact  as  the  ratio  ARj/Rj  approaches  zero;  (5) 
also  reveals  that  there  is  no  fundamental  difference  between  the  behavior  of  the 
phase-locked  system  and  the  independent  range-finder  system  in  that  the  largest     t 
portion  of  the  direction  cosine  error  in  either  case  is  a  function  of  the  range 
difference  error.     This  is  especially  true  for  the  case  when  R^,»  B,    since  the 
term  involving  AR^  in  (5)  may  be  ignored  (note  that  DR^   B  must  always  be  true). 

Direction  cosine  inforniation  can  bs  corrected  for  the  refraction  errors  if 
the  range  errors,   and  in  particular  the  range  difference  errors,   can  be  corrected. 
The  actual  value  of  the  radio  range  error  occurring  over  a  given  propagation  path 
is  a  function  of  the  structure  of  the  atmospheric  radio  refractive  index,   n,   along 
and  in  the  immediate  vicinity  of  the  path  at  the  time  that  the  range  measurement  is 
made.     This  refractive  index  structure  is  always  to  some  extent  ah  unknown  quantity, 
but  the  most  pronounced  feature  is  always  a  quasi -exponential  decrease  of  the 
refractivity,    N(n-l)  x  10   ,   with  height  above  the  surface.  ^    It  follows  that  radio 
range  errors  will  show  some  systematic  behavior  depending,   for  example,   on  how 
much  (if  any)  of  the  propagation  path  lies  in  the  upper  atmosphere  where  the  N 
values  are  lower  than  near  the  surface. 

In  the  sections  that  follow,   the  ray-geometrical  equations  for  single  path 
range  errors  are  developed,   and  it  is  shown  that  systematic  correction  are 
possible  based  on  the  surface  value  of  the  refractivity,   N    .     The  systematic 
refraction  errors  of  baseline  triangulation  systems,   defined  as  those  errors 
occurring  in  a  horizontally  homogeneous  atmosphere,   are  derived,   and  it  is 
shown  how  they  may  be  corrected.     The  resulting  correction  technique  is 
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applied  to  some  test  cases  involving  horizontal  inhomogeneity  of  the  refractive 
index,   and  the  results  are  in  good  agreement  "with  the  systematic  predictions. 
Brief  evidence  is  introduced  that  the  .systematic  correction  technique  is  also 
statistically  optimum  for  correction  of  the  non-systematic,    random  errors 
occurring  under  actual  conditions.     The  results  are  extended  to  the  case  of  very 
large  baselines  for  tracking  deep-space  targets,   and  it  is  found  that  baselines 
on  the  order  of  6700  km  (4150  miles)  are  optimal  (in  the  sense  of  minimal  re- 
sidual refraction  errors)  for  tracking  targets  at  distances  of  10,  000  km  (6,  000 
miles)  or  more;  the  resulting  rms  residual  direction  angle  errors  range  from 
about  0.01  to  0.  05  microradians,   assuming  the  validity  of  ray  optics  and  of  the 
models  of  the  atmosphere  used  in  this  paper.  « 

2.  Theory  and  Correction  of  Systematic  Radio  Range  and 
Range  Difference  Errors  "* 

The  theory  of  radio  range  errors  is  most  easily  developed  within  the 
framework  of  ray-geometrical  optics     (Fresnel  approximation).     In  this  nota- 
tion the  apparent  radio  range  between  two  points  is  expressed  as  a  line  integral 
along  the  ray  path  connecting  the  points: 

R     =    \  n(B)  d.,    -     '  .  ,     (6) 

o 

where  nfs}  is  the  refractive  iiidex  as  a  function  of  position  on  the  ray  path,    ds 
is  the  differential  of  ray  path  length,    and  R     is  the  true  length  of  the  (curved) 
ray  path  between  the  points.     Normally  the  origin  of  the  ray  path  is  taken  to  be 
the  radio  antenna  and  the  upper  terminal  is  the  target  position.     Figure  2  shows 
ray  tracing  geometry.     It  is  convenient  to  rewrite  (6)  as: 


R     =   jds  +  .lO  °   jN{s}  ds. 


(7) 


o  o 

,,6 


where  N  is  the  refractivity,   (n-l)x  10^  in  parts -per -million  (ppm).     Tlie  range 
error  is  now  obtained  by  subtracting  the  true  range,   R   ,  from  the  apparent 
range  given  by  (7): 

R 

^  =  \-'^^  +  10-^    rN{8}d8.  (8) 


The  quantity  Rg  -  R^  in  (8)  can  be  called  the  geometric  radio  range  error. 
AR    .    as  It  18  caused  only  by  the  distortion  of  the  ray  path  from  a  straight  line, 
while  the  integral  in  (8)  represents  the  error  caused  by  the  reduction  in  velocity 
of  the  wavefront  in  the  refractive  medium,   and  can  be  called  the  N-related  range 
error,   ARj^.      Table  1  shows  ray-traced  values  of  both  AR_  and  AR^  for  a 
typical  N-profile  (Ng  =  320)  and  an  ejttreme  N-profile  (N    =  400)      It  can  be 
seen  that  ARj^  is  the  dominant  quantity  ,even  at  very  small  elevation  angles . 
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Table  I 


•■t*» 


Typical  and  Extreme  VaULues  of  Range  Errors  for  Targets 
Beyond  the  Atmosphere 


Typical  N 

s  320 

Extreme  N    s 

s 

400 

Maximum  % 

Milli- 
radians 

Meters 

AR 

e 

AR 
g 

Meters 

AR^ 

AR 
e 

AR  /AR 
g          e 

0 

10                100 

110 

60 

165 

225 

-^27% 

20 

2.5               62.5 

65 

4.5 

73 

77.5 

6% 

50 

0.7            3ai 

38.8 

1?° 

43 

44 

2.3% 

100 

0.  14             22.  26 

22.4 

0.2 

24.8 

25 

0.8% 

200 

0.02             11.9 

11.^ 

0.03 

13.0 

13.0 

0.23% 

500 

0.001             5.01 

5.01 

5.01 

0.002 

5.50 

0.  04% 

>. 
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A  convenient  quantity  to  study  is  the  relative  radio  range  error,  defined 


as  AR/R   I  which  is  given  in  ppm  by: 


i  AR    xlO^ 


-|5L.(pp„j)  =  i_     r   N{8}    dB+ 1- 

o  ♦  05  o 


(9) 


R 


^8  ^  AR    xlO 

(ppm)s^     \n{8}     d8  +  1— 

g      ** 


6 


.«^Mi.;..r  (10) 


o 


since  R    will  not  differ  by  more  thsm  about  10  ppm  from  R^  under  non-ducting  con- 
ditions.   As  can  be  seen  from  ( 10 ),  the  bulk  of  the  radio  range  error  is  essentially 
the  average  of  N{s}    taken  over  the  ray  path. 

The  refractivity,  N,   may  be  written  as  the  sumi  of  two  variables:  the 
"expected  value",  <N>,  which  is  essentially  only  a  fiuiction  of  altitude,  eind  a 
zero-mean  random  component  N',  whose  statistical  distribution  may  also  be  a 
function  of  altitude.     Rewriting   (10  )  with  N  defined  in  this  manner  ,  and  the 
differential  ds  replaced  by  the  equivalent  dh  esc  6  (where  6  is  the  local  ray 
elevation  angle  and  dh  is  the  differential  of  height): 


R  R  , 

8                             A  R    »  10 
A5^(ppm)s^     y<NW    >cscedh+^     fN'{s}    ds   +  ^ 


(11) 


The  variable  <N  {h}  >  is  identified  with  very  long  time  averages  of  N  measured  at 
a  particxilar  height  h,  above  the  surface  in  the  vicinity  of  the  ray-path  origin  (since 
<N  {h}  >  does  vary  to  some  extent  >yith  latitude,   etc.).     N'  {s}    then  represents 
the  deviations  of  N  {s}    from  the  expected  values  <N  {s}  >  which  are  taken  to  be 
the  same  as  <N  {h}  >,  where  h  corresponds  to  the  height  of  the  point  s  on  the  ray 
path.     The  <N  {h}  >  profile  thus  constitutes  a  sort  of  standard  atmosphere:    it  has 
been  found  that  standard  atmospheres  which  are  a  function  of  the  observed  siirface 
N  value,  Ng,  are  good  predictors  of  refraction  effects.  ^'  ^    Thus  the  "e]q>ected 
value"  of  range  error,  or  what  might  be  called  the  "systematic"  range  error,  may 
be  defined  as  the  long  time  average  of  (11 )  for  all  cases  where  the  Ng  value  is  the 
same: 


R 
«  AR 


^T^  ( ppm )  a  ^^f  <N{h}><csc  6  >dh   +   <-5-^>x  lo'  ,  N     =  const.   , 


(12) 


the  e:q>ected  value  of  the  second  integral  in  ( 11 )  vanishing  since  the  N'  {s}    have 
sero  mean  (the  rms  or  secmid  moment  would  not  vanish,  and  defines  the  limit 
of  accuracy  of  predicting  ^p.   from  <^^^>\ 
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Applying  the  second  theorem  of  the  mean  for  integrals  to  (12)  one  obtains: 

<R>  ^^  . 

<-^->(ppm)a|^5£®l?  Y        <N{h}>  dh +<-^-^>  X  10^.  N^  =  const  (13) 


g 

where  <  esc  6.>  is  <csc  6>  evaluated  at  some  point  on  the  (mean)  ray  path.     It 
turns  out  that  for  initial  angles,   6  ,   larger  than  about  10°,  the  value  <C8c  6-i>  is 
essentially  just  esc  6     (i.e.   esc  6  is  nearly  constant  over  the  part  of  the  ray 
path  where  <N{h}  >  is  much  larger  than  zero).     Thus  the  systematic  range  error 
is  expected  to  be  primarily  a  function  of  the  integral  of  <  N  {h}  >  with  respect  to 
height.     It  is  not  surprising  that  this  integral  is  a  function  of  the  <  Ng>  value, 
since  that  value  defines  the  lower  limit  of  the  integral. 

Figures  3  and  4  show  ray-traced  range  errors  for  the  CRPL  Standard 
Radio  Refractive  Index  Profile  Sample  .       Figure  3  for  d  =  ir/2  radians  (90*^) 
shows  the  behavior  of  the  integral  of  N{h}  with  respect  to  height  for  each  profile, 
while  figure  4  shows  the  total  range  error  at  0     =  50  mr  (about  3°),  both  as  a 
function  of  N   .     The  regression  lines  show  the  best  (linear)  estimate  of  <  AR> 
as  a  least  squares  fit;  the  scatter  of  the  individual  points  shows  the  effect  of  the 
integral  of  N'{s}   ds  as  in  (11),   plus  whatever  small  error  is  incurred  by  pre- 
dicting AR    as  a  linear  function  of  N    for  the  8     =  50  mr  case.     The  reader 
should  especially  note  the  strong  similarity  of  the  distribution  of  points  in  figures 
3  and  4;  this  indicates  that  the  behavior  of  range  errors  at  relatively  small 
elevation  angles  is  still  primarily  a  function  of  the  average  of  N{h}  over  the 
target  height  interval,  and  that  errors  in  predicting  ARg  are  of  negligible  effect 

at  least  for  6    s  50  mr. 
o 

It,  will  be  noted  that  it  was  necessary  to  introduce  a  correction  for  station 
elevation  above  mean  sea  level  because  of  the  wide  range  of  elevations  encoun- 
tered in  the  standard  sample  (8m  to  1908m);  for  a  single  station  this  term  would 
of  course  drop  out,   so  it  may  be  regarded  as  an  adjustment  to  the  constant  term 
of  the  linear  equation  in  N   .     The  resulting  correction  procedure  is  a  system  of 
linear  equation  coefficients,   such  that: 

<  AR>  =  a{h^,R,h3}  /b{h^,R}Ng.       ^■'■'^  (14) 

where  h^  is  target  height,   R  is  apparent  ranges   and  hg  is  surface  elevation  above 
mean  sea  level. 

The  systematic  refraction  error  of  the  baseline  tracking  system  is  given 
by  (5)  using  expected  values  for  ^R,  and  ADR,  the  latter  being  defined  as: 

<ADR>  =<  ARj>  -  <  AR2>.  (15) 

The  systematic  errors  are  corrected  for  by  use  of  the  system  of  linear  equations 
used  to  predict  <  AR  >  as  a  function  of  observed  N.  values.     The  residual  error 
involved  in  correcting  actual  (real  time)  values  of  A(cos  P)  by  removing  the 


*  See  Appendix 
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systematic  component  <  A  (cos  p )  >  are  of  interest  since  they  define  the  rms 
residiial  error  in  cos  p*  after  corrections  have  been  made  for  observed  Ng  values. 
The  residual  variance  of  A  (cos  p)  produced  by  residual  variances  in  ADR  and  AR 
may  be  found  by  taking  the  statistical  second  moment  of  ( 5 ),  leading  to: 


S*  {A(co8p)}=j^' 


2  2 


2'b^r    ^r 
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DR 
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2  7 

where  S  t>    ,   S  p     are  the  residual  varieuices  in  predicting  AR    with  <AR.>and 
AR2  with  «;  AR2  >»   and  r_  is  the  correlation  coefficient  between  ARj  -  <ARi> 
and  AR^  -  <AR2>  for  the  particular  baseline  under  consideration;  the  value  of 
rg  is  expected  to  be  a  decreasing  function  of  increasing  baseline  length. 

If  it  is  ass\imed  that  the  target  is  located  at  a  range  ( R,  )  very  much  larger 
than  the  baseline,   B,  then  the  last  two  terms  of  (16)  may  be  neglected  (and  the  last 
term  of  (  5)  as  well ),  and  R,  /R^  approaches  unity;  in  this  case: 


2  2 

2  S  R    +  ^  R 

S    {A(cosp)}    =  1  ^2 
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(17) 


It  is  foxmd  both  theoretically  and  experimentally  that  the  residual  variance  of  radio 
range  errors  after  N^  correction  tend  to  be  proportional  to  the  sqxiare  of  the  ex- 
pected value  of  the  range  error,  <  AR>,  so  (17)  may  be  rewritten:  ^'  '*" 


S     {  A(cosp))  ai  — =■ 


R^»B.         (18) 


The  systematic  residual  refraction  error  in  the  direction  cosine  can  now  be 
defined  by  the  variance  as  given  by  (18 ),  with  the  further  assumption  of  horizontal 
homogeneity  of  the  refractive  index  structure,  which  simply  assumes  rn  =lfor  all 


baselines: 
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S^    {  A(cobP)}  s   -^ 
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2 

^here  Su  indicates  the  residual  variance  under  the  horizontal  homogeneity 

asstunptian. 

Numerical  calculations  have  been  performetl  to  determine  the  systematic 
direction  angle  error  of  baseline  systems  under  the  stated  conditions^  using  a 
modification  of  (5)* 

AR^      <AR> 
A  fJ    -^ ■■ —    CSC  p  ,     R^  »  B  .  *  20  ) 

the  results  are  shown  in  figure  S,  together  with  total  ray  refraction  which  affects 
ordinary  radar .^  The  residxial  standard  deviations  of  the  systematic  errors  were 
calculated  from 

Sj^{  A p }  s    /  S^{A(cosP)}    csc^P    ,  Ri»  B ".   r^  £  1 ,  (21 ) 

2 

where  Stt   {  A(co8p)}    is  given  b^  (19).     These  errors  are  shown  in  figure  6. 

Note  that  (19)  yields  a  null  resvilt  for  cases  when  <AR^>  =  <AR2>  .   which 
occurs  whenever  the  target  is  located  equidistant  from  the  two  ends  of  the  base 
line.     In  real  systems  there  will  be  some  residual  error  in  all  cases;   this  is 
because  rg<l  for  any  real  baseline.     Thus  it  is  logical  to  call  the  error  con- 
tribution in  (l6)  or  (17)  due  to  r^  <1  the  stochastic  or  random  error  of  the  system. 
Such  errors  can  be  derived  theoretically,   and  are  calculated  in  a  forthcoming 
paper.*    The  results  are  presented  here  for  comparison  with  figure  6,    the  total 
error  having  been  calculated  as: 


^   R,  .      AR^> 


S^    A(co8p)}^S^    {A(cosp)|     *       -J-        j^-^^ 

B 


hI 


and> 


S  {AP>s     rS^{A(cos  p)  )     csc^p      ,         R^  »  B.  t  22  t 

These  total  residual  errors  are  shown  in  figure  7.     Also  shown  in  figure   /  are 
total  residual  error  estimates  for  tracking  radar,   (Rg  <=  1  )  where  the  ramdohi 
component  (angular  scintillation)  has  been  found  in  two  different  ways:" by  extra 
polation  of  the  baseline  random  component  to  zero  baseline  (the  movable  radar 
antenn^  sees  essentially  the  direction  cosine  error  since  its  direction  angle  is 
always  90°),   and  by  empirical  curve-fitting  to  the  Collins  Radio  Company  data.  ^ 

The  accuracy  of  these  systematic  corre<:tions  when  applied  to  actual  (ex- 
perimental) range  error  data  has  been  examine  in  an  earlier  paper,   with  satis - 
facotry  results.  ^    For  the  shorter  baselines,   however,   the  random  uncorrelated 
component  of  residual  error  is  the  dominant  term  in  (22),  and  the  errors  shown 

♦Sjiared  baseline  operation  is  discussed  following  (25). 
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in  figure  7  are  considerably  larger  than  those  shown  inrfigure  6  for  the  base- 
lines shorter  than  300  km.    It  should  be  pointed  out,  however,  that  there  is 
still  a  noticeable  reduction  (attributable  to  the  N^  correction  technique)  in  the 
overall  rms  errors  for  all  baselines  larger  than  about  3  km.    In  cases  Where 
the  target  is  located  relatively  close  to  the  baseline  ( i.  e. :  R]^  or  Rj  ">    B  ),  the 
Njj  correction  technique  would  be  valuable  even  for  very  short  baselines. 

3.  Examination  of  Residual  Direction  Angle  Errors  for  an  Atmosphere 
Containing  Horizontal  Inhomogeneitiee 

As  a  part  of  a  study  on  the  effects  of  atmospheric  refraction  on  the  pre- 
cision of  radio  baseline  triangulatibn  systems,  sometimes  called  "radio  interfero- 
meters" ,  an  analysis  was  made  of  the  errors  in  range  differences  taken  over 
rather  long  baselines  in  a  horizontally  inhomogeneous  atmosphere.     Four  profiles 
were  obtained,   each  from  a  number  of  radiosonde  ascents  made  at  approximately 
the  same  time  at  stations  located  roughly  in  a  straight  line  covering  a  distance  of 
about  750  miles.     Figure  8  shows  the  two-dimensional  profiles  obtained  in  this  way. 
Figure  8  is  plotted  in  terms  of  A-units:  ' 

A  =N{h}+N^  [l-exp{|}  ].  ^23) 


a  convenient  quantity  which  represents  approximately  potential  surface  refrac- 
tivity.  and  thus  emphasizes  horizontal  N-changes  while  masking  the  normal 
quasi -exponential  vertical  N-gradient.    It  is  felt  that  these  represent  nnore  the 
extremes  of  horizontal  inhomogeneity  than  typical  values,   since  the  times  for 
which  the  profiles  for  each  path  were  assembled  were  chosen  by  a  meteorologist 
using  daily  synoptic  weather  maps,  attempting  to  find  situations  whe;re  the 
contrasts  in  air  mass  characteristics  along  the  path  were  maximized. 

Four  hypothetical  baselines  were  drawn  on  each  of  the  four  profiles, 
with  baseline     lengths  of  3,   30,   300  and  1000  km,  all  with  one  common  antenna 
location,  and  the  second  at  the  various  distances  specified.    A  hypothetical  target 
was  then  assumed  to  be  placed  at  an  altitude  of  70  km,  and  refraction  analyses 
were  performed  with  the  target  making  a  true  elevation  angle  attha nnTnmftnant^nnt) 
of  20,   50,   100,  200.  and  500  milUradians  (approximately  1°,   3®,  6°,  11 '/i?  and  29°). 
The  three  kilometer  baseline  could  not  actually  be  analyzed  as  such  because  of 
limitations  in  the  resolution  ^xrihich  could  be  obtained  from  the  graphical  profiles  , 
hence  this  baseline  was  analyzed  from  the  common  antenna  ray  path  data  as  a 
horizontally  homogeneous  control  case..    Thus  this  horizontal  inhomogeneity  study 
applies  only  to  the  30,  300.  and  1000  km  baselines. 

Radio^range  errors  were  analyzed  for  each  case  by  means  of  iterative  ray- 
tracing  techniques,  and  the  range  differences  and  resulting  direction  angle  errors 
W«re  calculated  on  a  digital  computer.    In  this  connection,  three  important  facts 
should  be  noted:     1)  the  direction  angles  were  computed  for  the  common  antenna; 
2)  a  standard  refractivity  atmosphere  was  assumed  to  exist  at  altitudes  larger 
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than  those  covered  on  the  charts,   as  it  was  noted  that  horizontal  changes  did 
not  seem  td  be  significant  above  that  point;  3)  the  target  was  assumed  to  be  in- 
a  direction  such  that  it  would  be  located  between  the  antennas  of  the  longest 
baselines.     The  last  was  done  to  avoid  putting  the  long  baselines  at  too  much 
of  a  disadvantage  with  respect  to  the  short  baselines,   as  the  70  km  target  -* 
height  was  already  a  disadvantage:  at  the  500  mr  angle  the  secondary  antenna 
of  the  1000  km  baseline  has  a  look  angle  of  only  about  20  mr. 

The  results  of  these  calcvdations  are  summarized  in  Table  II.     The 
rms  direction  angle  errors  for  all  four  propagation  paths  are  listed  for  each 
baseline  and  elevation  angle,   as  well  as  the  residual  errors  after  correcting 

for  the  expected  range  errors  with  available  Ng  data.     The  residual  errors 

are  also  shown  as  a  percentage  of  the  mean  uncorrected  direction  angles,   Ap,  ' 
listed  in  the  table. 

The  Ng  corrections  were  made  using  two  methods,   listed  as  I  auid  II  in 
the  table.     Method  I  consisted  of  making  a  purely  systematic  rauige  difference 
correction  by  using  the  Ng  value  from  the  common  antenna  location  to  correct 
both  range  errors.    Method  II  consisted  of  using  separate  Ng  values  at  each  end 
of  the  baseline     to  correct  the  range  errors  independently:  method  II  thus  makes 
an  attempt  to  correct  for  horizontal  inhomogeneities  between  the  two  ray  paths. 

For  comparison,  theoretical  values  of  residvial  direction  angle  error'  v,!    o, 
have  been  calculated  using  (16)  and  the  second  eqviation  in  (22).     In  these  cal-;  'i    " 
culated  from  the  tabtilated  values  of  AR]^  and  AR^t  taking  advantage  of  the      ' '{    a 
empirically  observed  fact  that  for  a  target  height  of  70  km  the  rms  residual 
error  in  predicting  AR  from  Ng  is  1.7% of  the  mean  values  ofAR  (for  the  CRPL 
Standard  Sample).  ^    The  percentage  errors  were  then  calculated  using  the 
tabulated  values  of  A  p.     These  theoretical  values  were  calculated  for  the 
extreme  cases  of  rg  =0  and  r^  =1  in  (16);  in  the  case  of  rg  =1,   or  a  perfectly: 
homogeneous  atmosphere,   the  residxial  percentage  direction  angle  errbxs     '  '. 
are  all  1.7%,  the  same  as  for  the  individual  range  errors.  ■-..'..       .^         ., 

It  is  obvious  from  inspection  that  the  residual  errors  for  the  shorter  ; 
baselines  are  closer  to  the  theoretical  values  for  rg  =1,  and  for  the  longer 
baselines  closer  to  rn  =0.     The  case  of  B  =1000  km,  0    =100  mr,   is  close  to  ' 

X3  O 

the  case  mentioned  previously  where  <ARi>  =  <  AR2>t  and  is  apparent  that  the 
Ng  correction  is  not  of  great  utility  in  this  instance.    Also  of  interest  is  that 
method  I  seems  superior  to  method  II  for  B  =  30  km,  and  about  even  for  B  =  300 
km.     This  implies  that  a  single  average  Ng  reading  will  be  most  useful  in 
correcting  errors  for  baselines  of  30  km  or  less,   using  these  methods. 

It  is  possible  to  derive  from  the  data  going  into  this  study  the  approximate 
observed  values  of  r_  as  a  function  of  baseline  length.     Unfortunately^  from  isuch 
a  limited  sample  the  variations  of  observed  values  of  rg  are  quite  large  for  each 
baseline,  and  not  much  confidence  can  be  attached  to  even  the  mean  for  a  given 
baseline.    However,   keeping  this  in  nnind,   the  value  of  rg  for  the  30  km  baseline 
seems  to  be  in  the  neighborhood  of  0.  97  -  0.  98  (which  is  probably  too  high),  fbr 
the  300  km  baseline  about  0.  4  to  0.  6,  zmd  for  the  1000  km  baseline  and  about  0  to 
0.4.    These  compare  with  theoiretical  values  of  0.7,   0.  3,   and  0.13,   respectively. 


* 
As  shown  in  figure  8. 
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The  most  important  conclusion  derived  from  this  particular  study  is  that 
lot   small  baselines  (B>30  km,   or  perhaps  more)  it  is  important  to  use  a  single 
value  of  Ng  to  predict  the  range  errors  for  all  auitennas  in  the  system,   regard- 
Less  of  the  number  of  instruments  available  for  measuring  N  .     In  cases  where 
a  number  of  accurate  instruments  ar^  available,   the  best  procedure  would  seem 
to  be  to  use  the  mean  of  all  readings  at  any  given  time.     For  very  long  baselines, 
such  as  are  advocated  in  Section  4  of  this  paper,   it  is  imiportant  to  correct  the 
range  errors  for  each  antenna  independently  since  for  such  separations  r_ 
approaches  zero.     The  reader  can  no  doubt  draw  many  more  interesting  con- 
clusions from  a  careful  examination  of  the  data  in  Table  II,   as  regards  such 
things  as  the  relative  advantages  of  varying  baselines  under  different  target 
position  configurations,   etc. 

4.     Optimum  Baseline  Systems  for  Deep  Space  Tracking  Applications 

If  a  tracking  system  were  to  be  built  with  two  of  the  antennas  located  at 
opposite  points  on  the  earth's  surface,   i.e.  ,   a  surface  baseline  of  about  20,  000 
km,  the  system  wovild  only  be  able  to  "see"  targets  at  extremely  large  ranges 
located  very  close  to  a  plane  perpendicularly  bisecting  the  baseline,   which  woiild 
be  a  diameter  of  the  earth.     Such  a  systein  obviously  would  not  be  practical,   but 
even  more  important,   the  residual  tracking  errors  of  such  a  system  wotild  be 
larger  thaji  forsystemsof  somiewhat  smaller  baselines  because  both  ray  paths 
would  always  be  near  zero  initial  elevation  angles,   and  hence  would  traverse 
a  portion  of  the  earth's  atmosphere  effectively  some  ^0  to  70  tirnes  "thicker" 
them  that  penetrated  by  a  ray  at  near-vertical  inrideui. '        The  question  then 
arises  as  to  what  might  constitute  an  optimtim  baseline  length  in  terms  of 
minimimn  residual  direction  jmglp  ^rror  as  a  fvinctiop  of  target  range  an^  f) 
evation  angle . 

A  theoretical  study  has  been  made  of  residual  tracking  error o.f or  a 
large  nutnber  of  target  positions  and  baseline  lengths  using  a  digital  computer 
In  order  to  obtain  results  which  would  be  as  unbiased  as  possible,   the  target 
positions  were  restricted  to  heights  beyond  the  earth's  refractive  atmosphere, 
the  the  calculations  were  made  using  geocentric  target  angle  and  true  target 
height  as  tar-get-to-baseline  geometric  parameters,   as  shown  in  figure  9.     As 
can  be  seen  the  geocentric  target  angle  is  essentially  the  zenith  angle  referred 
to  a  point  at  the  center  of  the  baseline,  but  measured  at  the  center  of  the  earth- 
A  value  of  a^p  -  0  usually  for  any  baseline  at  «uiy  given  target  height.     The  resid 
oal  angle  error  for  each  case  was  determined  as  follows:  *" 

1.  From  the  true  geometry  involved  the  true  elevation  angle  (with  respect 
to  the  earth's  surface)  was  calculated  for  each  antenna.    The  target  is  assumed  to 
lie  in  a  plane  containing  the  baseline  and  the  center  of  the  earth. 

2.  The  residual  single-path  range  error  for  each  auitenna  ray- path  was 
ihen  calculated  using  an  .empirical  relationship 
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±4.0  X  10     (km) 
Sp  = Zz^.  (24) 

2.94X  10 
,  sin  9  +  2 

1  +  146  +  436 

where  8  ia  the  true  elevation  angle  at  the  antenna  in  radians.    This  equation  is 
quite  accurate  (error  less  than  1%)  in  giving  the  residual  range  error  as  deter- 
mined by  Unear  regression  of  AR  versus  N^  for  the  CRPL  Standard  Radio  Refrac- 
tive Index  Profile  Sample^.    Note  that  the  residual  error  at  vertical  incidence  is 
given  as  ^.0  cm  by  (24). 

3.   The  residual  direction  angle  error  was  then  calculatedlijy  solving  (l6) 
and  (22)  using  (24)  for  the  values  of  S^    and  Sj^_,  and  using  a  theoi'etical  form  for 
rg.       The  function  r^  is  approximately  zero  for  B  >  2500  km. 

7 
Figure  lO.shows  some  of  the  results  of  this  study  for  target  heights  of  It) 

km  to  infinity.    The  curve  marked  "locus  of  critical  points"  represents  the  resi- 
dual error  for  each  baseline  at  the  limiting  geocentric  target  angle  beyond  which 
the  target  drops  below  the  horizon  for  one  of  the  antennas  (the  curve  for  a  short 
baseline  could,  of  course,  cross  this  region  if  plotted).     For  a_  =  0  the  10, COO  km 
baseline  is  seen  to  be  optimal,  whereas  for  increasing  values  of  arp  successively 
shorter. baselines  become  optinuil.     It  is  obvious  that  baselines  much  longer  than 
10     kmi  will  never  be  optimal,  since  at  lesser  target  ranges  the  shorter  baseline  is 
at  even  more  of  an  advantage.    In  particular  the  impractical  earth's -diameter 
system  mentioned  previously  appears  as  a  single  point  (labeled  20,  000  km),  and 
has  a  value  of  q^  (S  {Ap}  in  (22))  over  10  times  as  large  as  the  more  optimal  base- 
lines .    It  should  be  noted  that  the  curve  marked  6680  km  is  nearly  optimal  (within 
±  14%  of  optimum  o-^  )  over  a  rather  large  range  of  a^,  from  zero  to  nearly  ±  50   ; 
the  significance  of  this  particular  baseline  length  will  be  explained  shortly. 

Results  for  a  true  target  height  of  10,  000  km  are  shown  in  figure  11.   The 
limiting  baseline  is  now  seen  to  be  about  15,  000  km.    The  6680  km  baseline  is 
seen  to  be  optimal  for  this  case  up  to  geocentric  target  angles  of  about  ±  30°.    The 
general  level  of  the  curves  in  the  vicinity  of  a,p  =0  is  not  much  higher  than  for  the 
case  of  near-infinite  target  range,  but  the  shape  of  the  curves  is  much  "tighter" 
with  respect  to  a.j,;  this  is  because  of  the  "foreshortening"  effect  of  the  relatively 
close  target  position  (close  with  respect  to  the  baselines  involved). 

The  results  of  this  study  can  also  be  presented  as  a  function  of  baseline 
with  constant  h_  or  a^,   and  the  other  as  a  curve  parameter.    Such  a  plot  is  shown 
in  figure  12  for  a  constant  geocentric  target  angle  of  ±  23°.     The  locus  of  critical 
points  represents  the  limiting  value  of  baseline  for  each  target  height  at  a^  =  23°, 
and  the  cross-hatched  zone  now  represents  a  truly  "forbidden"  region.     The  6680 
km  baseline  (dashed  vertical  line)  is  now  seen  to  be  optimal  or  nearly  8o£orti).rget 
heights  ranging  from  about  10,  000  km  to  infinity.    The  angle  of  23°  is  chosen 
since  it  is  nearly  equal  to  the  earth's  equatorial  inclination  (23°27'). 
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A  deep-space  tracking  system  would  presumably  be  used  for  tracking/ guid- 
ance of  such  things  as  lunar  or  interplanetary  probes,   (e.g..   Mariner,  Pioneer, 
etc. ).     This  implies  that  the  ts^rget  of  such  systems  would  be  generally  located 
close  to  the  plane  of  the  ecliptic,  which  varies  in  declination  (angle  referred  to 
earth's  equatorial  plane)  by  ±  23°27  .     The  moon  and  all  but  one  of  the  planets  are 
restricted  to  declinations  of  about  ±  30°  or  less,  the  lone  exception  being  Pluto 
with  ±  40°  limits  [cf .  American  Ephemeris  &  Nautical  Almanac,   various  years  ] . 
Hence  it  appears  that  the  logical  location  for  a  deep  8pac(p  tracking  system  with 
continuous  tracking  capabilities  for  deep  space  probes  would  be  a  series  of  east- 
west  baselines  located  along  or  near  the  equator,  with  north-south  baselines  strad- 
dling them.     The  north-south  baselines  would  then  be  required  to  track  normally 
within  a  geocentric  target  angle  of  only  ±  30°.     The  required  number  of  east-west 
baselines  ranges  from  a  minimum  of  two  for  t|^e  limiting  case  of  zero  baseline, 
each  working  at  Q^  =  ±  90°,    to  infinity  for  the  other  limiting  case  of  20,  000  km 
baseline  where  each  works  only  at   q^^.  =  0.     The  required  number  is  given  by  the 
formula 


where  B  is  the  baseline  measured  along  the  earth's  surface  and  r     is  the  radius  of 
the  earth;  any  fraction  must  be  rounded  off  to  the  next  larger  whole  number. 
Obviously  the  smallest  practical  value  of  j  is  three,   for  which  the  value  of  B/ r 
may  range  up  to  w/  3  or  60    .     At  this  point  an  interesting  thing  happens:  one  in 
effect  has  six  different  baselines;  each  of  the  six  antennas  of  the  original  three 
east-west  baselines  being  shared  with  one  of  the  intervening  baselines.    This  effect 
is  shown  in  figure  13.    Such  a  system  can  logically  be  called  a  "shared  baseline", 
and  will  be  so  referred  to  in  the  remainder  of  this  paper.     The  particular  system 
illustrated  in  figure  13  is  called  "optimum  shared  l^aseline"  because  of  the  gener- 
ally small  tracking  errors  over  the  necessary  range  of  target  positions,   as  has 
already  been  pointed  out,  and  because  it  requires  only  the  practical  minimum  in 
equipment.     The  surface  baseline  of  such  a  system  is  about  6680  km  or  4150mil«s. 
A  shared  baseline  configuration  with  eight  baselines  and  eight  east-west  antennas 
can  be  used  with  the  resulting  5000  km  baselines  used  for  the  smaller  target 
ranges,    and  double  baselines  of  10,000  km  used  for  large  target  ranges,  but  the 
residual  error  advantages  over  the  six-baseline  system  would  be  very  slight  and 
probably  not  worth  the  extra  cost  involved. 

The  optimum  shared  baseline  system  must  track  equatorially  only  to 
geocentric  target  angles  of  ±   30    before  an  adjacent  baseline  picks  up  the  target, 
and  has  already  been  pointed  out  the  north- south  baselines  will  probably  not  be 
required  to  track  at  over  ±  30   .     The  effect  on  either  baseline  of  tracking  a 
target  off  30    both  in  declination  (north- south  geocentric  angle  )  and  in  east- 
west  geocentric  angle  is  to  increase  the  effective  geocentric  angle  to  about  ±  35  . 
This  allows  continuous  tracking  with  a  6680  km  baseline  from  a  target  height  of 
about  10,  000  km,   (  6000  miles  ),  since  the  limiting  angle  for  this  case  is  about 
:t  38     (  see  figure  11 ). 
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To  illustrate  the  overall  tracKingcapabilitieb  of  the  optimum  shared  base- 
line configuration,  figure  14  has  been  prepared  showing  total  target  poisition  error 
for  several  different  target  ranges  (or  heights)  as  the  target  passes  over  three 
of  the  east-west  baselines  at  two  declination  angles.     The  total  position  error  was 
calculated  as  the  root- square- sum  of  theresidual  range  error  and  the  north- south 
and  east- west  position  error  (calculated  as  direction  angle  error  times  range  ): 

<r  fP'    =  ^"TTrT    1  R'^  iT^  (n-8)    .•  ..^(f-w)  ] 

The  switching  effect  from  one  baseline  to^he  aext  is  clearly  shown,  especially  U,r 
the  R  =  10,000  km  case.     The  shared  baseline  effect  is  also  illustrated  iti  figure  7. 

An  example  of  a  systenm  of  this  type  in  use  at  the  present  time  is  the 
NASA  Deep  Space  Instk-umentation  Facility  (DSIF),  which  consists  of  three  range 
and  range  rate  stations  located  about  8000  miles  apart  near  Goldstone,  California . 
Johannesburg,  South  Africa,  and  Woomera,  Australia.    These  independent  tracker o 
are  capable  of  providing  elevation  and  azimuth  information  with  a  precision  on 
the  order  of  300  microradians,   however  when  tracking  a  deep  space  probe,    such 
as  Mariner  II,  whichlEoUows  a  smooth  orbit,  aidvantage  can  be  teiken  of  redundancy 
techniques  to  utilize  the  four  shared  baselines  inherent  in  the  system.     In  this 
xnsmner  the  trajectory  of  Mariner  p  \^as  corrected  to  within  a  10  mile  uncertainty 
at  closest  encounter  with  Venus,  at  a  range  (from  earth)  of  about  36  million  miles, 
a  residual  error  of  only  0.28  microradians."     Figure  14  shows  that  under  these 
conditions  the  theoretical  minimum  refraction  error  of  the  optimum  shared  base- 
line system  would  yield  a  position  error  of  only  about  ±  y^  mile,  however  the  DSIF 
system  accuracy  was  limited  by  range  resolution  and  survey  errors  rather  than 
refraction  effects. 

5.    Conclusions  and  Discussion  of  Results 


In  summary,   it  has  been  shown  that: 

1.)    It  is  possible  to  correct  systematic  range  and  range  difference  tirocr; 

with  a  system  of  linear  equations  based  on  the  use  of  surface  refr.T>tivp 

index  observations. 
2.)    Under  conditions  of  marked  horizontal  inhomogeneity  ol"  Uie  iel'r;ictiv«- 

index  structure  the  systematic  corrections  are  still  very  useful,   with 

the  residual  range  errors  increasing  only  about   <0%over  those  for 

horizontally  homogeneous  conditions. 
3.)    For  baselines  of  less  than  about  30  km  (20  miles),   all  system  range 

errors  should  be  corrected  using  a  single,  averaged,  N     reading 

(theoretical  considerations  based  on  turbulence  theory  indicates  that 

Ng  readings  should  be  averaged  over  a  period  on  the  order  of  Wz  to 

2  hours  for  best  results--see  Reference  4). 
4.)    The  optimum  baseline  lengths  for  deep  space  tracking  are  on  the  order 

of  4000  miles;  potential  tracking  accuracies  are  a  few  parts  in  100 

million  of  target  range. 
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The  construction  of  baseline  systems  on  the  order  of  thousands  of  miles 
of  separation  poses  a  number  of  technical  problemts,   in  particular  synchroniza- 
tion problems  for  cw  systems  which  are  presently  causing  difficulties  over 
much  shorter  distan<:es/  The  solution  would  seem  to  lie  in  the  direction  of  a 
number  of  independent  range-only  trackers.        There  is  also  the  problem  of 
geological  stability  of  the  baselines:  a  shift  of  only  five  inches  in  4,  000  miles 
uf  the  earth's  crust  would  cause  errors  comparable  to  the  residual  refraction 
errors  of  such  systems.     However,   it  is  possible  that  the  use  of  artificial  sat- 
ellites for  both  baseline-calibration  and  synchronization  between  trackers 
could  solve  most  of  the  problems  associated  with  such  large  baselines.     As  an 
example  of  this  technique,   during  the  flight  of  Mariner  II     Jet  Propulsion 
L,aboratory  Personnel,   utilizing  redundancy  techniques,  were  able  to  use  DSIF 
tracking  data  to  reduce  survey  uncertainties  for  the  three  stations  from   100 
yards  to  20  yards 
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Appendix 

The  CRPL  Standard  Radio  Refractive  Index  Profile  Sample 

The  CRPL  Standard  Sample  conBists  of  77  refractive  index  profiles 
obtained  from  radiosonde  data  for  13  U.  S.  Weather  Bureau  stations.     The  13 
stations  were  chosen  to  represent  a  cross -section  of  the  climatic  types  found 
in  the  U.S.A.  and  vicinity,  and  range  from  semi-tropical  (Miami,   Fla. )  to 
sub-arctic  (Fairbanks,  Alaska);  the  stations  range  in  elevation  from  near  sea 
level  to  over  6,  000  fe^  (Ely,  Nev. ).    Six  profiles  were  chosen  from  individual 
radiosonde  flights  for  each  station,    each  of  the  six  representing  a  particular 
type  of  profile:  26  of  the  profiles  represent  rather  average  conditions,  while 
the  other  51  each  contain  one  or  more  abnormalities  .(i.  e. :  surface  duct,   super - 
refractive  ground  layer,    elevated  duct,   or  a  comibination  of  these).     This  sam- 
ple has  been  found  to  provide  reliable  estimates  of  refraction  effects  (as  a 
function  of  Ng),   as  well  as  the  variations  and  residual  errors  (after  Ng  correc- 
tion) of  these  effects,   when  compared  to  actual  data  (see  reference  3). 


a'M'  y':ii.'':-lv\  ■'■'■    '^^'''>-;:tl 


fJid'h';-  t^/*,-r? ',.:■!■  ■.*       ■,'■<;  'k:'\f},P-: 


159 


m  •  ' 


TMGV 


SPHERICAL  REFERENCE 
EARTH  AT  MEAN  SEA  LEVEi 


FIG  I   BASELINE    TRACKING  SYSTEM  GEOMETRY 


160 


RADIO  RAY 


-A,,'  f-;'..  ii.  Us,  ' 
,v.  .-Is;  «•  ■•>' 

■;^:  ,|t'. -V 


■■.«'■  I:  ' 


"»^i  .:*f. 


Aii) 


Figure  2.   Geometry  of  radio  ray  refraction. 
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Figure  9-  Deep-space  baseline  tracking  system  geometry,   showing  true  target 


position  parameters  a   and  h  . 
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Figure  11.  Residual  direction  angle  errors  of  long -baseline  tracking  systems 
at  a  10, 000  km  target  height. 
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SUMMARY 


The  subject  spacecraft  total  reliability  program  is  based  upon  a  time-phase 
sequence  scheduled  to  insure  that  "Hi -Reliability"  requirements  of  soft  lander 
spacecraft  can  be  practically  applied.     Such  phasing  allows  for  management  plan- 
ning to  be  responsive  to  required  customer  specifications  or  customizing  of  exist- 
ing programming  for  customer  approval.     The  phases  to  be  discussed  are: 

Phase  I  Proposal  and  preliminary  reliability  design 

i  Phase  II  Detailed  reliability  design 

I  Phase  III  Fabrication,   test  and  operation  J. 

5  Phase  IV  Postlaunch  analysis 
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INTRODUCTION 

V,  ■ 

Reliability  program  management  to  be  effective  requires  the  equivalent 
detailed  management  attention  that  is  applied  to  Systems  Engineering,   Operations 
and  Hardware  Development.     To  provide  such  detailed  attention  requires  a  definite 
time-phased  sequencing  of  events  which  interlock,  the  reliability  aspects  into  the 
total  system  program.     For  spacecraft  (unmanned  or  manned  and  especially  those 
required  to  survive  surface  impact,  i.e.  ,    soft  lander,   and  requiring  extended  space 
mission  objectives),    this  means  that  the  reliability  objectives  are  necessarily  high 
and  the  controls  and  disciplines  applied  to  maintain  high  reliability  very  exacting. 
Experience  in  such  environments  indicates  that  while  many  tradeoffs  may  exist, 
they  are  normally  expected  program  pertubations  and  will  cause  only  minor 
changes  in  a  program  plan  that  is  based  on  fundamental  principles  of  good  planning. 
The  intent  of  this  paper  is  to  consider  the  unusual  constraints  of  spacecraft  in 
terms  of  sequencing  and  provision  of  program  planning. 

The  means  of  estimating  the  effect  of  such  phasing  by  management  is 
through  nnilestones  achieved  in  each  phase  and  ultimately  in  system  hardware 
performance  in  simulated  and  actual  mission  operation.     Postlaunch  analysis  and 
failure  review  techniques  are  primary  feedback  circuits  for  next  launch  corrective 
action  and  may  represent  a  significant  effort  if  major  problems  appear. 


t- 
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CONCEPT 

Hi -reliability  spacecraft  objectives  are  closely  bound  to  the  successful 
completion  of  mission  objectives  which  may  include  nnany  severe  and  demanding 
constraints  such  as: 

'.S,    9        Deep  space  environment 

Extremely  high  and  low  tempeifatures 

Radiation 

Meteorite  collision 

Precision  guidance  tolerances 

Long  mission  times 

Multiple  space-physics  and  scientific  support  experiments 

Soft  landing  on  unknown  surface  terrains 

Manned  capsules 

Minimum  weight 

Launch  time  restraints  (windows) 

among  many  other  scientific  and  engineering  support  functions. 

Each  of  the  above  technical  requirements  plus  customer  schedules  must  be 
fully  weighted  in  defining  a  total  reliability  program  compatible  with  the  system 
definition  utilizing  latest  state  of  the  art  technologies. 

Since  total  mission  success  of  a  system  is  desired,   the  basic  concept 
developed  was  that  any  reliability  effort  should  be  systems  oriented  from  start  to 
finish.     As  a  resvdt,   a  total  program  consisting  of  four  phases  based  on  this  concept 
was  developed. 
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PHASE  I 
PROPOSAL  AND  PRELIMINARY  RELIABILITY  DESIGN 

The  first  phase  is  initiated  upon  the  receipt  of  the  Request  for  Quotations 
(RFQ).     This  phase  includes  attendance  at  the  bidders  conference,   technical 
reviews  of  referenced  and  required  supporting  specifications,  etc,  ,  plus  the  formu- 
lation of  various  spacecraft  systems,   configurations  and  operational  criteria  to 
accomplish  the  mission.     During  this  time  the  primary  reliability  tasks  include: 

•  Developing  initial  systenn  reliability  block  diagrams 

•  Determining  initial  reliability  apportionment 

•  Formulating  initial  math  model 

•  Establishing  initial  redxindancy  tradeoff  studies 

•  Establishing  level  of  materials  and  parts  reliability  and  quality 
requirements 

•  Participating  in  vendor  review  teams  and  preparing  subcontractor 
reliability  requirements,  specifications  and  tasks  for  statement  of 
work  inclusion  -  especially  defined  time  required  deliverables. 

•  Participating  in  system  conceptual  design  reviews.     Including  com- 
ponent and  materials  consultants  where  new  and  different  space 
environments  may  be  suspected  to  have  an  effect  upon  existing  systems. 

•  Based  upon  initial  systems  definition,  parts  count  estimate,  and  pre- 
liminary reliability  studies,   formulating  an  initial  A  Priori  Reliability 
prediction. 

Up  to  this  point,   the'primary  inputs  to  Reliability  are  estimates  based  upon 
experience  in  other  programs,    standard  known  and  published  failure  data,   potential 
"state  of  the  art"  improvements  as  a  result  of  research  done  by  the  company,   the 
industry,   and  governmental  agencies.     This  first  approximation  of  system  capability 
to  meet  the  reliability  objectives  will  also  provide  a  guide  as  to  where  the  quality 
assurance  program's  major  effort  should  be  directed  to  protect  inherent  reliability. 
Considerable  flexibility  is  required  during  this  phase  to  utilize  and  optimize  all  data 
inputs,  which  are  normally  quite  meager  and  lacking  necessary  controls  for  suitable 
reliability  consideration.     As  the  information  starts  to  increase,   measurement  of 
reliability  growth  becomes  possible  and  the  second  phase  of  programming  and 
definition  is  reached. 
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PHASE  n 


DETAILED  RELIABILITY  DESIGN 


Phase  n  of  this  type  of  program  effort  overlaps  Phase  I  and  may  parallel 
many  of  the  tasks  for  a  period  of  time.     It  is  during  this  time  span,  however,   when 
first  circuit  and  subsystem  designs  are  developed,    reviewed  and  the  physical 
detailing  of  the  reliability  model  is  accomplished. 

This  includes: 

Developing  a  detailed  reliability  program  plan  for  customer  approval 

Refining  the  reliability  model  based  upon  design  reviews  and  early 
engineering  information 

Developing  the  subsystem  and  unit  math  models  and  reliability 
apportionments 

Defining  reliability  apportionments  in  formal  released  reliability 
system  specifications 

Establishing  the  necessary  requirements  and  constraints  for  space 
usage  qualification  of  hi-reliability  components,  materials  and 
processes 

Implementing  verification  and  traceability  of  parts 

» 

Qualification  testing 

In-process  sampling 

Failure  review  activation  and  formal  failure  reporting;  initiating  analysis 
and  corrective  action 

Design  review  initiation  by  means  of  failure  mode  analysis  and  participa- 
tion as  a  formal  member  of  all  design  review  committees 

Initiating  subcontractor  reliability  surveillance 

•  Subcontractor  reliability  requirements  are  detailed  in  the  statement 
of  work  and  subcontractor  reliability  specifications 

•  Surveys  in  depth  are  made  to  acquaint  the  subcontractor  with  the 
requirements  of  spacecraft  such  as: 

•  Reliability  program  plan 

•  Reliability  prediction 

•  Growth  curves 
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Failure  reporting 

Failure  analysis 

Failure  mode  audit 

Periodic  status  reporting 

Coordination  meetings 

•        Motivation  training 

This  program  is  initiated  at  subcontractors  during  this  phase,   and  continues 
commensurate  to  degree  of  response.     The  training  program  should  stress  a  basic 
understanding  of  the  particular  spacecraft  requirements,  via  visual  aids  such  as 
slides,   charts,   films,    etc.,  related  to  the  subcontractor  products. 

Phase  II  is  a  critical  time  sequence  ensuring  from  a  reliability  management 
aspect  that  essential  tasks  and  standards  are  being  integrated  into  all  of  the  required 
prog:ra'ni  elements.     It  is  at  this  time  that  a  critical  analysis  of  all  reliability  opera- 
tions in  being  are  scheduled,   to  ensure  that  each  is  clearly  defined  to  avoid  ambiguities 
and  assume  desired  results.     It  is  ^.Iso  in  this  phase  that  initial  system  prediction 
comimence,  and  are  continually  upgraded  via  test  data  and  failure  analysis  as  available 
from  engineering  models,   prototypes  and  subcontractors  reports.     Due  to  the  nature 
of  such  data  on  early  developnnental  hardware,    system  design,   etc.  ,   large  dependence 
must  be  placed  upon  failure  mode  analysis,   A  Priori  estimates  and  historical  informa- 
tion to  supplement  the  above  test  data.     It  is  in  Phase  III  where  the  transforniation  to  . 
hard  engineering  data  and  tests  results  on  delivered  flight  hardware  and  systems  test 
results  begin  to  provide  reliability  growth  information  and  allow  confidence  limits  to 
be  placed  on  predictions    supplied  to  mianagement  and  the  customer. 
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PHASE  m 
SPACECRAFT  FABRICATION,    TEST  AND  OPERATIONS 

In  this  phase  of  the  program,   engineering  data  begins  to  become  available 
from  breadboard,   prototype  and  type  approval  tests  being  evaluated  under  simulated 
launch  and  space  environments.     Type  approval  testing  of  the  initial  subsystem, 
system,   prototype  spacecraft,   as  well  as  various  related  system  models   -  structural, 
thermal  control  and  propulsion  -  will  be  providing  time,   cycle,    performiance  and 
failure  data.     The  subcontractors'  qualification  programs  are  in  process  and  relia- 
bility growth  information  as  a  result  of  test  conditions  becomes  available  for  manage- 
ment information.     Here,   therefore,   the  program  includes: 

Based  upon  test  results,   refined  failure  mode  analysis,  and  failure 
reporting,    reliability  predictions  and  math  model  are  refined. 

Failure  review  board  follows  closely  failure  reports,    diagnosis  and 
originates  corrective  action  requests. 

Failure  modle  audits  are  updated  and  completed. 

Close  mianagement  surveillance  to  subcontractors  is  provided,   and 
ensures  that  each  is  producing  contractual  outputs. 

Reliability  assurance  test  programs  on  flight  assured  hardware  are 
developed.     These  programs  are  based  upon  an  "Equivalent  Mission 
Cycle"  (EMC)  concept  and  require  rigorous  data  review  of  all  program 
testing  as  well  as  a  commitment  of  basic  flight  hardware  for  unit  and 
subsystem  mission  simulation  evaluation.     Senior  reliability  personnel 
are  designated  as  "Test  Directors"  and  initiate  planning,    scheduling 
and/reliability  test  operations. 

j,H||       Subcontractor  reliability  program  milestones  are  reviewed.      Submittals 
such  as  failure  mode  audits,    monthly  predictions,    growth  curves  and 
data  submittals  are  analyzed  and  on-site  surveillance  trips  are  increased. 

•  Reliability  training  and  motivation  programs  are  prepared  and  presented 
to  prime  and  subcontractor  personnel  at  key  hardware  delivery  mile- 
stones, to  maintain  personnel  awareness  of  the  role  each  plays  in  their 
product  reliability. 

» 

•  As  spacecraft  systems  become  available  for  testing,    system  test  teams 
are  activated  and  reliability  test  team  representatives  are  assigned  from 
initial  test  to  field  launch  site  to  ensure  that  all  test  data  include  timing 
and  cycle  information,   that  adequate  information  is  supplied  on  failure 
reports,  and  that  corrective  actions  on  system  problems,   test  equipment 
and  procedures  are  initiated  and  followed-up.     Adequacy  of  subsystem  and 
unit  data  packages  through  a  reliability  unit  history  log  is  also  a  prime 
responsibility. 
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•  The  effect  of  all  unit  and  system  specification  and  engineering  changes 
are  reviewed  and  approved  by  Reliability  as  are  all  specifications  and 
procedures  initially  released. 

•  Reliability  launch  critiques  are  prepared  during  this  phase  for  day  by 
day  updating  by  the  test  team  reliability  member.     This  includes  status 
of  all  units  with  respect  to  end  of  life,   changes  in  characteristics  or 
performance,   on-off  cycle  wear  and  system  tradeoff  where  system 
redundancies  are  involved.     Of  particular  significance  would  be  param- 
eter  drift   indications   during  final   "Operational  Readiness"  testing. 

•  Finally,   as  each  spacecraft  system  is  assembled,   tested,    shipped  and 
mated  to  its  launch  vehicle,   a  continuously  updated  reliability  prediction 
for  spacecraft  performance  to  its  design  specification  is  maintained  and 
provided  to  manageriient  for  launch  visibility. 

Phase  III  is  the  hardware  and  launch  oriented  portion  of  these  prograntis  and 
extends  from  source  surveillance  to  launch  operations.     It  uses  a  priori  estimates, 
available  test  data,   failure  mode  analysis,   failure  reporting,    systems  test  data 
feedback,    special  reliability  test  programming,   machine  techniques  and  analysis  to 
achieve  continuously  updated  reliability  data  and  prelaunch  predictions.     This  will 
continue  to  overlap  Phase  IV  until  last  program  launch  when  only  postlaunch  analysis 
and  final  reporting  will  be  major  milestones. 
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PHASE  IV 
POSTLAUNCH  ANALYSIS 

'     Reliability  effort  provides  one  of  the  strongest  inputs  to  postlaunch  analysis. 
The  responsibility  for  failure  review,    system  data  package,    system  test  failure 
reporting  and  launch  operations  data  action  accountability  lie  within  the  normal 
scope  of  work.     Working  in  consonance  with  the  Mission  Analysis  team,   the  relia- 
bility organization  has  a  responsibility  to  provide  a  number  of  detailed  and  specific 
inputs  to  the  program  and  to  launch  and  program  reporting. 

These  include: 

•  Support  of  the  postlaunch  data  analysis  team  is  provided  via  review 
and  analysis  of  prelaunch,  launch  and  operations  data  and  problem 
summaries. 

•  As  a  result  of  analysis,   corrective  action  for  next  launch  is  initiated 
'  , v^^-j?  to  update  requirements  and  spacecraft  hardware  or  procedures. 

•  Management  is  provided  with  postflight  reliability  summaries  and 
reconunendations  for  next  fli^t  action. 

•  Based  upon  previous  postlaunch  analysis  and  corrective  actions,  the 
next  launch  reliability  critique  and  prediction  is  refined,    communicated 
to  management,  and  incorporated  in  the  launch  director's  reliability 
critique  manual. 

•  Upon  program  launch  completion,   a  stimmary  reliability  report  is  pre- 
pared briefly  describing  program  achievements  and  providing  a  full 
accountability  of  system,   unit  and  component  performance  and  potential 
solutions  to  next  generation  problems. 
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PROGRAM  ORGANIZATION 


Each  spacecraft  reliability  office  is  uniquely  associated  line -management 
wise  with  its  Project  Management  Office.     Reliability  is  considered  a  system 
function  associated  via  System  Engineering  to  Project  Management  and  hence 
Division  Management.     In  the  same  way,   therefore,    that  System  Engineering 
defines  and  controls  system  performance.   Reliability  defines  and  controls  system 
reliability.    Following  are  some  of  the  reliability  oriented  controls  that  are  spe- 
cifically for  space  applications: 

Space  qualified  materials 

Space  qualified  preferred  parts 

Space  qualified  processes 

Cradle  to  grave  parts  accountability 

Variation  and  substitution  authorization  cognizance 

Approval  of  all  specifications  and  procedures 

Approval  of  all  specification  and  procedure  changes    . 

Subcontractor  reliability  program  control 

Chair  failure  review  boards 

Failure  reporting  and  failed  parts  collection 

Equipment  reliability  history  log 

Reliability  representatives  on  all  system  test  teams 

Reliability  assurance  test  program  direction 

Postlaunch   analysis  team  representatives 

In  each  of  these  facets,   the  reliability  team  supports  Project  Management 
in  making  appropriate  decisions  concerning  spacecraft  COST,   SCHEDULES,  PER- 
FORMANCE and  RELIABILITY.     By  including  Reliability  in  fourth  place ,   due  con- 
side  ration  is  being  given  to  the  risk  decision  that  Project  Management  must  nuLka 
concerning  the  four  major  elements.     Where  Reliability  may  be  only  a  minor  factor, 
certain  dec^isions  may  be  made  with  respect  to  a  launch  of  an  unmanned  spacecraft 
that  would  have  a  different  connotation  for  a  manned  launch,   i.  e.  ,  one  of  the  ntunber 
of  scientific  instruments  inoperative  might  not  hold  up  an  unmanned  launch,  but  any 
system  primary  or  secondary  being  inoperative  would  hold  a  manned  launch. 
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RECOMMENDATIONS 

The  following  progression  of  reliability  milestones  are  recommendations 
to  achieve  program  objectives  which  will  readily  integrate  with  most  management 
structures,  operating  policies  and  directives: 

•  Establish  an  effective  Systems  Reliability  Capability  at  program 
inception.     Major  program  commitments  occur  during  this  phase. 

•  Insure  that  all  potential  subcontractor  surveys  include  adequate 
Reliability  and  Quality  Assurance  team  members  and  that  their 

-■  ';-v  survey  weighting»is  significant. 

y   '    •        Develop  the  system  reliability  specification  and  release  with  program 
go-ahead  to  ensure  design  cognizance  of  hardware  objectives. 

^^  ;^^^     V^^^^    •       Establish  immediately  the  necessary  parameters  for  parts,  materials 
and  processes  qualification  and  control.     Implement  the  quality  pro- 
gram and  establish  space  qualified  parts  and  materials  handbooks  for 
the  program  in  sufficient  time  to  influence  the  design. 

;  i:    •       Establish  the  requirement  for  "Reliability  Growth  Curves"  for  first 
breadboard  performance  through  delivered  flight  hardware  to  assess 
early  potential  problem  areas.     This  is  particularly  true  with  sub- 
-       :,  contractors. 

•  Establish  as  an  effective  program  requirement  a  Reliability  Assurance 
":.-/r:'i::':  \.^-':.'- .:,...      Test  Program,    suitably  designed  to  provide  confidence  in  the  hardware- 
■  y'  ''''.^''' -:■:'. 'i'!}      mission  sequence  capability.     This  entails  assurance  that  all  test  data 

is  available,  failure  reporting  is  firmly  established  and  flight  assured 
hardware  is  committed  to  a  special  test  program  to  supplement  all 
,         other  program  data  -  normally  insufficient  to  project  desired  confidence 
in  design  objectives! 

•  Provide  an  early  and  continuous  company  and  subcontractor  reliability 
4  I  training  and  motivation  program  to  ensure  that  all  program  associated 
"     '                                  personnel  understand  the  importance  of  their  individvial  efforts  and 

potential  damage  they  can  cause  through  not  doing  their  best. 
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Maintain  tight  surveillance  over  all  subcontractors'  efforts,  insuring 
that  milestones  are  met,  failure  analyses  are  timely  and  corrective 
actions  initiated,  that  program  objectives  are  thoroughly  vmderstood 
and  competently  implemented. 

Maintain  a  close  liaison  with  the  customer's  reliability  interface  to 
insure  that  there  is  awareness  of  problems  -  "NO  SURPRISES"  -  and 
that  he,  the  customer,  in  turn,   can  easily  and  for  the  most  part  be 
informally  advised  of  related  areas  that  might  influence  the  subject 
program  or  be  a  potential  problem.     Such  a  relationship  is  extremely 
important  to  achieve,  and  yet  may  be  one  of  the  most  difficult  to 
cultivate  and  maintain.     Maximum  effort  here  to  obtain  a  working 
interface  will  certainly  pay  off  in  program  achievement  and  customer 
understanding  and  concurrence. 
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CONCLUSION 

The  discussed  four-phased  program  provides  the  necessary  ingredients 
to  satisfy  most  program  requirements  and,   while  accepting  customer  requirements, 
will  retain  the  individual  characteristics  of  any  space  oriented  organization.     Each 
contracting  organization  will  have  its  own  specifications  and  programs  which  must 
be  adhered  to,   but  each  contractor  must  still  retain  the  individuaJisni  of  organiza- 
tional integrity  and  management  structure  that  allows  for  economical  and  timely 
execution  of  contractual  commitments.     Such  phasing  provides  clear  identifiable 
program  benchmarks  and  allows  project  management  visibility  into  problems  and 
progress. 
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MAN-RATING  THE  GEMINI-TITAN  II   AIR  FORCE  LAUNCH  VEHICLE 

By  Haggai  Cohen 
Martin  Company 
Baltimore,   Maryland 

Summary 

The  paper  examines  the  disciplines  and  new  approaches  being  utilized 
which  together  comprise  the   "Man-Hated"  Gemini-Titan   II  Air  Force  Launch 
Vehicle  Program.      It   discusses  the  critical  component   program;    the  technical 
and  specialized  skill   training  and  certification  program;    the  Quality  Systems 
Engineering  approach;    the  advanced  corrective  action   and  failed   parts  analysis 
program;   the  classification  of  characteristics  program  established  for  fabrica- 
tion and  tesi;    the  workmsuiship  discipline   approach;    individual  performance 
measurement;   the  Zero  Defects  program;   personnel  motivation;   Air  Force  Space 
Systems  Division  disciplines   imposed  by  the   "Pilot   Safety  Program";   the 
limited  life  component  program;    the  procurement  controls  imposed;   and  finally, 
r     an  evaluation  of  the   effectiveness  of  this   "Man-Rated"  approach. 

Man-Rating  in  Design 

Man-rating  is  defined  as   the  marshalling  of  the   disciplines  necessary  to 
achieve  a  satisfactory  probability  of  crew  (astronaut)    survival.      Technically, 
this  probability  may   be   expressed  in   terms   of  reliability  of  the   launch  vehicle 
and  reliability  of  the  Malfunction  Detection  and  Escape  System.      Mathematically, 
these  terms  are  linked  in  the  equation  - 

^CS  =  \V  *   <^-«LV>    «MD  "^'^  E 

where: 

Ppg  =  Probability  of  crew  survival 

ILy  =  Reliability  of  launch  vehicle  ■ 

HjQj  and  j.  =  Reliability  of  the  Malfunction  Detection  and   Escape  System. 

It  can  be  seen  that  to  maximize  probability  of  crew  survival,  careful 
I  attention  must  be  given  to  such  launch  vehicle  items   as: 

f  (1)      Use  of  redundancy  to  improve   launch  vehicle   reliability. 

(2)      Design  of  a  reliable  Malfunction  Detection  System  based  on  analysis 
I  of  launch  vehicle   failure  modes. 

|- ■  ^3)      Utilization  of  the   crew  as  part   of  the  Malfunction  Detection  System. 

I)  t'*)      Designing  a  vehicle  checkout  program  which  minimizes   the  probability 
I  of  launching  a  defective  vehicle, 

|:  (5)      Utilization  of  a  disciplined  Quality  &  Reliability  Assurance  Program 
i;  to  prevent  degradation  of  inherent   design  reliability, 

i  Mtafunction  Detection  System 

1 

«  The  MDS  monitors  launch  vehicle  parameters  that   affect  crew  safety.      It 

actuates  lights  and  meters  in  the  spacecraft  which,  in  display  form,  warn  the 
astronauts  of  potential  dangers  or  malfunctions.  The  Gemini  KDS  was  designed 
to  make  maximum  use  of  the  astronaut's  decision-making  capabilities  which  re- 
*""*5^  *  system  of  increased  reliability  and  simplicity.      It   is  a  manual 


abort  systaa  wharttby  the  astronauts,  froB  the  displayed  perforaance  paraaeterst 
detendLne  if  abort  actioa  is  required.  The  choice  of  perfomanee  paraaeters 
was  based  on  careful  analysis  of  modes  of  failure,  probability  of  these  failure^ 
to  occur,  tiaes  to  catastrophe,  and  crew  reaction  time  at  various  phases  of  ths 
boost  flight.  The  pairaaeters  selected  for  display  are: 

Engine  thrust  chamber  pressures  for  both  vehicle  stages. 

Tank  pressures  on  all  tanks  in  vehicle, 

Overrates  ii^  pitch,  yaw  and  roll. 

Staging  sequence, 

Switchover  fron  primary  to  secondary  flight  control  systea. 

The  MDS  was  designed  with  full  sensor  redundancy,  redundant  power  supply 
circuits,  separated  installations  of  primary  and  secondary  system  elements, 
and  fail  safe  design  and  hook-up  to  minimize  possibility  of  signalling  a  false 
malfunction. 

Flight  Control  System 

During  the  course  of  conducting  the  failure  mode  analyses,  one  particular- 
ly critical  type  of  failure  evolved  -  that  of  an  engine  "hard-over"  during 
Stage  Z  flight  approaching  "Mglx  Q".  At  this  point,  structural  break-up  would 
occur  in  approximately  one  second.  This  is  obviously  too  rapid  for  the  manual 
abort  philosophy  which  requires  time  for  detection,  reaction,  escape  initiation 
and  actual  escape.   It  was  determined  that  a  way  out  of  the  dilemma  was  to 
radically  reduce  the  likelihood  of  a  "hard-over"  engine  condition  by  adding  a 
redundant  flight  control  system  to  the  launch  vehicle. 

The  redundemt  system  utilizes  a  primary  string  of  a  three-axis  reference 
system  (with  integral  programmer),  a  radio  guidance  system,  an  autopilot,  rate 
gyros,  ami   a  hydraulic  system  feeding  a  newly  designed  tandem  or  dual  actuator* 
The  secondary  system  utilizes  the  inertlal  guidemce  system  of  the  spaoecraftf 
a  secondary  autopilot,  secondcury  rate  gyros  and  an  Independent  secondary  hydraul- 
ic system  feeding  the  alternate  side  of  the  tandem  actuator. 

Switchover  la  automatically  accomplished  if  einy  of  the  following  aalfuno- 
tions  occur  during  Staige  I  flight. 

(1)  Loss  of  hydraulic  pressure  in  the  primary  hydraulic  systea. 

(2)  Engine  thrust  chamber  movement  to  "hard-over"  position. 

(3)  Excessive  turning  rates  in  any  of  the  three  (3)  axes. 
:  >  ''  (1^)  Manual  command  of  crew. 

Since  dynamic  pressxires  are  much  reduced  during  Staige  II  flight,  the  "hard- 
over"  condition  is  no  longer  critical  then.  As  a  result,  no  redundant  hydraulle 
or  tandem  actuators  are  used  in  Stage  II.   However,  switchover  of  the  remainder 
of  the  system  is  automatically  accomplished  if  turning  rates  are  excessive  in 
pitch,  yaw  or  roll  or  by  manual  selection  of  the  erew. 

Electriceil  Systea 

The  electrical  system  was  designed  with  redundancies  in  all  major  eireulta* 
There  are  two  separate  power  buses  fed  by  IndividueLL  batteries.  These  alteraata 
supplies  are  fed  to  such  components  as: 
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\r  "    (1)  Prograa  iaitlat*  r«laj«  ^^  ^  ^.   % 

i         (2)  ho  Mcoad  timm   delay  relay*  (lockout  spacecraft  shutdoimj 

(3)  8ta«iag  control  relays 

(%)  StaffLag  swltehea 

(5)  Bi^loaiTe  separation  nuta 

(6)  Stage  I  fc  II  engine  shutdowa  circuits 

(7)  Ovidaace  shutdown  relay  for  Stage  II 
I         (8)  Msnnal  booster  sbntdom  switches 

(9)  Range  aafety  eqnipaeat 

I  Critical  Coaponent  Prograa 

la  iaportaat  eleaeat  in  the  Geoini  Quality  program  was  the  establlahaent 
of  a  critical  coaponent  prograa  to  preTont  degradation  of  inherent  reliability 
by  aeaaa  of  "tender  loving  care."  k  review  of  the  airborne  componeata  was 
■ads,  and  utillaing  the  selection  criteria  shown  below,  3k   items  were  designa- 
ted as  critical. 


(1)  failure  aodes  associated  with  the  component  design  and  application 
will  result  in  vehicle  mission  failure  and  crew  abort. 

(2)  failure  modes  associated  with  the  coaponent  design  and  application 
will  significantly  decrease  the  probability  of  mission  success. 

(3)  failure  of  the  coaponent  during  countdown  will  result  in  a  hold  or 
kill  and  prevent  meeting  launch  window  required  for  rendezvous 
mission. 

•  (^)  The  component  is  a  design  unique  to  Qeminl  and  hats  no  previous  manned 
vehicle  application* 

The  selection  criteria  were  also  supplied  to  the  manufacturers  of  the  3^  0 

critical  components  %iith  the  requirement  to  review  and   select  the  piece  parts 
of  the  component  which  should  be  classified  as  critical.   These  piece  parts 
llata  were  then  reviewed,  negotiated  smd  finally  approved  by  the  Martin  Relia- 
bility Group  and  the  Air  Force.  The  following  controls  were  then  instituted 
on  the  resulting  hundreds  of  piece  parts. 

(1)  Identify  critical  parts  with  tags,  decals,  etc. 

(2)  Segregate  critical  parts  so  that  they  can  be  more  carefully  handled. 

(3)  lastitutie  special  MRB  (Material  Review  Board)  procedures  to  carefully 
control  repair  or  rework  of  critical  parts. 

■.■■fi:-^;:,     ik)     Prohibit  acceptance  of  parts  which  have  exhibited  transient  mal- 
fuactions  unless  a  conclusive  reason  and  conclusiTe  repair  can  be 
found. 
(3)  Control  changes  to  design  and  manufacturing  processes  to  maintain  ,- 
qualification  configuration. 

(6)  Proride  planned  storage  and  handling  to  minimise  damage. 

(7)  Provide  prompt,  detailed  failure  analysis  and  corrective  action  on 
failed  critical  parts,  but  obtain  Martin  pezmission  for  corrective 
action  affecting  design  or  processes  since  this  constitutes  a  con- 
fignration  change. 

(8)  Indoctrinate  personnel  handling  critical  parts  in  the  above  require- 
«cnts. 
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(9)  Sonree  Inspect  eritieal  eonponents,  utlllsiiig  resident  Martin 

Quality  personnel  to  audit  for  adherence  to  critical  part  requirs- 
fflents. 
(10)  Provide  certificate  of  compliance  with  above  requireaents  with  each 
shipment  of  critical  components* 

The  above  controls  have  also  been  Instituted  on  components  fabricated 
within  Martin  and  the  entire  program  has  resulted  in  an  awareness  of  the 
special  requirements  of  the  Qemini  Program.   The  number  of  trouble  reports 
written  on  critical  components  at  the  launch  site,  for  example*  reflects  very 
little  difficulty  with  criticed  parts* 

Training  &  Certification 

Selection  of  Personnel 

A  prime  objective  in  the  selection  of  Gemini  personnel  was  utilization 
of  Titan  experience.   This  was  especially  true  in  design,  vehicle  testingt 
fabrication  and  launch  crew  operations.   The  initial  selection,  therefore, 
factored  in  a  group  of  highly  trained  and  experienced  personnel.  This  group 
wais  supplemented  by  additional  qualified  people  and  then  all  the  personnel 
were  processed  through  a  carefully  planned  series  of  orientation,  safety 
and  techniced.  training  courses  suited  to  the  particular  individual  and  his 
planned  assignment.  The  courses  culminated  In  an   evaluation  of  the  absorp- 
tion of  training  by  means  of  test  scores  and  of  performance  on-the-job.   The 
end  result  is  to  have  every  Gemini  team  member  technically  competent  to  perform 
his  job,  have  him  understand  the  importance  of  his  contribut^-on  to  the  Gemini 
program,  and   the  importance  of  the  objectives  of  the  Program  to  the  country* 

Certification  cards  are  awarded  to  each  trained  man   on  the  Gemini  team* 
Quality  personnel  make  certain  that  only  "card  cairrying  members"  are  performing 
Gemini  tasks* 

A  special  on-the-job  training  program  exists  at  the  launch  site  because 
of  the  requirements  to  work  together  as  a  launch  team*  Special  training 
exercises  have  been  run  in  loading  propellants,  simulating  hazardous  operations 
or  safety  problems.   Crew  certification  has  resultedt in  addition  to  Individual 
certification, and  this  program  has  paid  handsome  dividends  in  the  form  of 
smooth,  disciplined  and  coordinated  countdown  exercises. 

Certification  boards,  consisting  of  managers  of  operating  divisions,  ad- 
minister the  certification  program  and  maintain  the  high  standards  demanded  by 
the  program* 

Motivation 

Much  emphasis  has  been  placed  towards  developing  the  attitude  of  each 
member  of  the  Qemini  team  towards  his  job.  The  reqxiirements  of  the  highest 
standards  of  workmanship,  the  need  for  striving  towards  perfection,  the  develop- 
ment of  pride  in  workmanship  have  been  stressed  utilizing  astronaut  visits; 
special  Gemini  stickers  on  equipments,  decals  for  automobiles  of  team  members, 
special  Gemini  pins;  imaginative  posters,  coveralls  or  shop  coats  with  Gemini 
insignia,  and  a  constant  program  of  articles  using  the  Martin  newspaper  are  a 
few  of  the  motivation  techniques  being  utilized. 
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An  additional,  intensive  fflotivational  campaign  haa  been  instituted  in 
the  form  of  "Zero  Defects".     This  program  instituted  a  series  of  defect  goals, 
tdiich  become  more  stringent  with  time,   and  against  which  measured  defects  are 
plotted.     The  program  embraces  all  phases  of  activity  including  non-hardware 
support  areas.     Award  programs  have  begun,   both  on  an  indiTidual  and  department' 
al  basis.     The  main  pbiat  of  the  entire  campaign  is  the  constant  reminder  that 
there  are  no  "insignificant  mistakes"  on  the  Gemini  Nan-Bated  Program. 

The  trouble  reporting  system  has  been  modified  to  print  out  on  an  auto- 
mated tab  run  the  badge  numbers  of  individuals  contributing  to  operator  errors 
resulting  in  hardware  discrepancies.     This  tab  run  edLds  in  determining  addit- 
ional training  requirements  or,  in  extreme  cases,   de-certification  of  Qemini 
team  members* 

Limited  Life  Program 

'  An  operating  life  test  program  begun  on  the  Titan  program  was  continued 

on  the  Gwaini  program.     In  general,   life   test  data  wais  used  in  conjunction  with 
qualification  test  data,  together  with  mode  of  failure  analysis  and  failure 
histories  to  arrive  at  a  maximum  operating  life  limit  for  selected  time  sensi- 
tive CMiponents.     These  limits  are  then  used  as  a  baisis   for  rejection  if  actual 
operating  hours  exceed  the  limit  established.      An  automated  equipment   time  re- 
cording system  is  in  operation  which  starts  to  operate  during  acceptance  test- 
ing at  the  supplier's  facility,   continues  through  receiving  inspection  and 
bench  testing  at  Martin,  through  sub-system,    system  and  combined  systems  test- 
ing in  the  factory  and  at  the  launch  site.      System  operating  times  are  obtained 
from  specially  designed  multi-channel  recorders.      The  tab  run  prints  out  by 
part  noaber,  and  by  serial  number,   the'  actual  and  accumulated  operating  hours 
iRith  identification  to  various  test  phases  in  which  the  time  was  accumulated. 

A  refurbishment  plan  is  under  negotiation  which  allows  for  increases  in 
operating  life  based  upon  careful  replacement  of  selected  time  or  wear  sensi- 
tive piece  parts,    followed  by  a  retesting  progrzun. 

The  limits  that  were  selected  are  conservative  and  in  consonance  with  the 
Oeaiai  reliability  goals. 

Quality  Systems  Engineering 

A  Quality  Systems  Engineering  Group  was  established  on  Gemini  by  assign- 
ing co^etent  professional  engineers  to   the  various  sub-systems  of  the  vehicle 
at  tl|e  beginning  of  the  design  effort.      These  engineers  participated  in  draw- 
ing reviews,   specification  preparations,    vendor  selections,   qualification  and 
acceptance  test  procedure  reviews,   design  reviews,   etc.      In  particular,    they 
Kere  msaigned  the  following  major  tasks: 

(1)  Maintain  a  continuous  study  of  assigned  system  to  permit  technically 
competent  decisions  in  following  tasks. 

(2)  Beview  specifications  (contract,   test,  procurement)   for  addition  of 
Quality  Assurance  provisions. 

(3)  Beviaw  test,  maintenance  and  operating  procedures  for  adherence  to 
specifications  for  adequacy  and  for  selection  of  key  check  points. 

(4)  Beview  and  approve  Qualification,   Acceptance  and  Production  Monitor- 
ing teat  procedures  and  reports   from  suppliers  and  for  in-house 
testing. 

(5)  Sxamine  and  approve  specification  deviations  and  waivers.  Material 
Beview  Board  reports  and  minor  variation  review  reports.  This  was 
done  to  increase  the  technical  level  in  decision-making  associated 
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.  with  aon-confojrmancea, 
.  (6)  Review  engineering  changes  tilth  an  emphauila  on  establishing  retro- 
fit Inspection  and  test  plans  to  restore  hardware  to  Its  pre-ohaage 
Integrity. 

(7)  Participate  In  teat  team  operation  to  review  adequacy  of  selection 
of  key  check  points  (Itenr  3  above)  and  to  perform  on-the-spot 
failure  analysis  on  test  anomalies. 

(8)  Analyze  and  accept  for  Quality,  test  results,  telemetry  data,  lamd 
line  recordings,  etc. 

This  group  I's  currently  performing  the  buUc  of  the  Corrective  Action 
problem  Investigations  and  supplying  technical  liaison  with  the  team  of  resi- 
dent field  Inspectors. 

ftuallty  ClaBslflcatlon  of  Characteristics  Program 

Because  of  the  utilization  of  existing  Titan  engineering  as  a  base  for  the 
Gemini  design  and  since  Titan  did  not  have  a  classification  of  characteristics 
program,  the  (Quality  Engineering  Group  on  Gemini  cairrled  out  an  informal  class- 
ification on  fabrication  process  plans  and  test  procedures.   Utilizing  criteria 
established  for  this  specific  purpose,  critical  characteristics  were  highlighted 
for  special  attention  and  data  documentation  by  line  Inspection  personnel. 
These  special  requirements  were  integrated  into  the  manufacturing  planning  so 
that  they  were  highlighted  also  for  the  fabricators  and  testers  eis  well. 

Procurement  Controls 

In  the  early  stages  of  the  design  effort,  a  special  set  of  procurement 
specifications  were  prepared  which  covered  reliability  requirements  such  as 
trouble  reporting,  equipment  operating  time  recording,  failure  analyses,  failed 
parts  analyses,  design  reviews;  critical  component  requirements;  data  and  docu- 
mentation requirements  such  as  format  and  content  needs  of  qu8Lllflcation  and 
acceptance  test  procedures  and  reports.   These  specifications  were  referenced 
as  applicable  in  the  Individual  procurement  drawings  and  the  extent  of  these 
references  reviewed  by  Reliability  and  Quality  Engineering. 

S  placement  of  business  with  new  suppliers,  bid  evaluation  was  performed 
gn  Engineering,  Reliability,  Quality  Engineering  and  Procurement. 

Acceptance  and  Qualification  procedures  prepared  by  the  suppliers  were 
reviewed  and  approved  by  Martin  before  testing  could  proceed.  Test  Reports 
were  then  reviewed  and  accepted  similarly. 

Detailed  contractor  acceptance  plans  were  prepared  by  Quality  Engineering 
for  use  by  resident  Quality  personnel.   These  are  Inspection  instructions  em- 
bracing process  reviews,  quaility  system  audits,  hardwaire  audits,  specification 
compliance  requirements  and  test  procedure  data. 

Vendor  workshops  were  planned  and  carried  out  during  which  the  special 
requirements  of  the  Gemini  Program  were  explained  and   discussed.  Interface 
problems  were  aired  and  corrective  action  instituted  as  required.   These 
sessions  served  greatly  in  bringing  these  suppliers  into  the  Gemini  team  with 
increased  enthusiasm,  cooperation  and  understtudlng. 

A  continuous  system  of  audits  in  suppliers  houses  is  serving  as  an  impetus 
to  keep  the  rigid  controls  in  active  force. 
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Vehicle  Chaperonee 

To  assure  continuous  compliance  with  contract «  specifications  and  draM» 
lags,  a  Quality  Assurance  expert  is  assigned  to  each  launch  rehlcle  as  chaper* 
one.  He  begins  with  the  tank  fabrication  at  Martin-Denver,  conducts  the  tank 
roll-out  Inspection  there,  travels  with  the  tanks  to  Hartin-Baltlaore ,  remains 
with  the  launch  vehicle  through  final  assembly  and  vertical  tests,  Is  respon- 
sible for  acceptance  of  vehicle  documentation  during  the  Acceptance  Teaa 
exercise  at  completion  of  vertical  tests,  accompanies  the  vehicle  to  Cape 
Kennedy,  observes -.stowage  of  the  vehicle  during  flight,  verifies  loading  and 
unloading  operations,  participates  in  the  receiving  inspection  at  the  Cape  and 
observes  the  flight  test  preparations.  He  maintains  a  historical  recora  of 
significant  problems,  their  applicability  to  his  vehicle  and  their  resolution. 
Since  he  is  the  one  individual  who  devotes  full  time  to  a  pau^ticular  vehicle, 
he  is  best  equipped  to  have  readily  available  the  major  problems  that  have 
beenrred  during  fabrication,  inspection,  shipment  and  testing* 

Pilot  Safety  Program 

The  major  function  of  the  Air  Force  Space  Systems  Division/Aerospace  Pilot 
Safety  Program  is  to  ensure  that  the  concern  for  crew  safety  is  contalne.d  in 
launch  vehicle  planning,  is  reflected  in  appropriate  activities,  and  that  the 
vehicle  history  is  well  documented  and  thoroughly  assessed  prior  to  launch.  It 
1b  Implemented  by  a  continuous  technical  monitoring  of  £lL1  phases  of  the  pro- 
graai  from  design  through  launch.   It  is  also  implemented  by  concentrated  reviews 
at  key  focal  points  in  the  build-test-accept  sequence.  The  areas  that  are 
rlgoroiisly  reviewed  are: 


(1 
(2 
(3 
ik 

(5 
(6 

(7 
(8 

(9 
(10 
(11 
(12 


Engineering  design 

Development  testing 

Engineering  changes 

Production  plans  and  processes 

Inspection 

Testing 

Handling 

Acceptance  activities 

Launch  operations 

Configuration  documentation 

Test  data  and  procedural  reviews 

Corrective  action  status  and  problem  resolutions* 


Stringent  requirements  are  imposed  during  the  acceptance  phase  and  hard- 
wars  is  not  accepted  until  Air  Force  Space  Systems  Division  and  Aerospace  are 
convinced  that  the  hardware  and  docimentation  comply  with  specifications  and 
contractual  requirements.  This  acceptance  is  characterised  by  a  methodical, 
uncompromising  attitude* 

Boll-Out  Inspection  ^ 

This  is  the  first  major  inspection  conducted  upoh  completion  of  tank 
fabrication  at  Martin-Denver.  The  Air  Force  review  eoVers  tank  weld  informa- 
tion, significant  problem  history,  laboratory  tests  on 'materials,  stress 
analyses  on  weld  repairs  or  discrepancies,  and  a  "walk-around"  inspection  to 
make  certain  there  are  no  doubts  as  to  the  man-rated  quality  of  the  vehicle 
taaka* 
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Vehicle  Acceptance 

Upon  completion  of  all  sub-system  and  system  testing  in  Martin-Baltimore, 
a  Vertical  Acceptance  Team  conducts  a  comprehenaiTe  review  of  hardware  logs, 
test  results,  observes  combined  systems  test  emd  audits  the  assembled  hardware. 
The  team  assures  that  the  following  criteria  has  been  met: 

(1)  Completion  of  satisfactory  component,  sub-system,  system  and  all 
systems  acceptance  test. 

(2)  Completion  of  documentation  of  hardware  ^status  including  history  and 
identification  of  components  by  serial  number,  test  data,  configura^ 
tion  status  and  problem  areas  encountered,  together  with  their 
resolution* 

(3)  Special  detailed  report  containing  critical  component  history. 
(k)     Completion  review  (no  vehicle  or  spares  shortages). 

Flight  Safety  Review 

A  similar  review  is  conducted  by  the  Flight  Safety  Review  Board  just  prior 
to  flight  and  constitutes  the  final  activity  of  the  Pilot  Safety  Program  by 
making  the  final  decision  of  committing  the  booster  to  laimch. 

This  review  covers  the  following  areas: 

(1)  Significant  details  of  previous  Qemini  and  Titan  launches. 

(2)  Modifications  to  hardware,  mission  aind  procedures  since  previous 
review. 

(3)  History  of  launch  vehicle  through  production,  acceptance  and  AMR 
activities. 

Cf)  Report  and  recommendations  of  the  Launch  Vehicle  Status  Review  Board. 
.  (?)  Complete  technical  review  of  the  significant  problem  aureas. 

(6)  Report  on  personnel  changes  of  the  launch  crew  and  status  of  flight 
readiness  teams. 

Following  the  above  review,  the  FSRB  decides  whether  or  not  to  commit 
the  vehicle  to  launch  and  presents  this  decision  to  the  senior  NASA  representa- 
tive for  his  concurrence  or  rejection. 

Corrective  Action  and  Failure  Analysis  Program 

In  adding  man-rating  to  the  trouble  reporting  -  corrective  action  loop, 
the  most  important  changes  are: 

(1)  Generation  and  utilization  of  trouble  report  data  from  all  possible 
applicable  sources. 

(2)  A  problem  investigation  of  all  actual  amd  potential  problems,  with 
emphasis  on  striking  the  words  '*random  failure"  from  the  vocabulary* 

#-u  (3)  A  planned  corrective  action  loop  embracing  Martin-Denver,  AMR  and  all 
Qemini  suppliers  which  directs  necessary  corrective  action  in  careful 
detail  with  authority  t.o  carry  it  through. 

(4)  Detailed  problem  documentation  and  disposition  decisions  for  each 

.  trouble  report.  Note  that  each  report  and  problem  is  reviewed  and 
the  disposition  concurred  with  by  SSD/Aerospace. 
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(5)  Failed  partiB  analyses  carried  to  sufficient  depth  by^^zptrta  in  this 
teehalqueV  utilising  new  non-destxiuctlre  testing  techniques  to  flra- 
ly  establish  aechanlsa  and  failure  cause.  This  Includes  dissection 
of  piece  parts  such  as  diodes,  capacitors,  potted  nodules,  etc* 

Because  of  slailarity  of  design,  Titan  sources  of  data  are  utilized  to 
a  great  degree. 

Open  probleas  are  added  as  constraints  to  significant  PERT  events  and 
hence  get  top  aanagenent  attention  and  pressure  for  resolution. 

Speed  of  response  of  suppliers  In  carrying  out  failed  parts  analyses  is 
a  aajor  probleoi  in  aalntalnlng  rapidity  of  response  to  open  problems.   It 
should  be  noted  that  all  open  probleas  must  be  reviewed  and  a  deteraination 
■ade  whether  or  not  to  proceed  with  the  next  key  PERT  event.   It  is  especially 
important  that  the  number  of  open  problems  be  small  prior  to  a  Flight  Safety 
Review  Board  or  a  Vehicle  Acceptance  Team  Meeting. 

EvaJLuation  of  Benefits  Qalned  from  Man-Rated  Program 

Many  benefits  of  the  above  program  are  starting  to  appear  quite  clearly. 
Some  of  these  are: 

(1)  The  Qemini-Tltan  II  Launch  Vehicle  will  have  all  components  fully 
qualified  prior  to  flight. 

(2)  The  number  of  hardware  failures  on  airborne  components  at  AMR  is 
significantly  low. 

(3)  The  difficulties  encountered  in  testing  procedures,  ground  equipment 
interfaces,  facility  Interfaces,  were  significantly  low  for  the  first 
launch  vehiclii. 

i,k)     Test  schedules  were  set  and  could  be  adhered  to  because  of  comparative 
freedom  from  major  problems. 

(5)  ESI(Electrical/El«etronic  Interference)  problems  have  been  at  a  minimum. 

(6)  Air  Force  confidence  has  been  high  because  of  depth  of  response  and 
scope  of  problem  coverage. 

(7)  Marked  inroads  in  area  of  vendor  control  have  been  pioneered  on  this 
program  with  resulting  higher  reliability  hardware. 

(8)  An  unprecedented  position  of  value  and  contribution  to  success  of  the 
program  has  been  achieved  by  the  Quality  and  Reliability  Groups. 

(9)  Full  spaures  support  of  qualified  hardware  was  available  at  AMR  to  • 
.;>.'     -  support  the  first  launch  vehicle  on  schedule. 

(10)  A  complement  of  highly  trained  and  motivated  personnel  are  available 
to  continue  the  efforts  accomplished  to  date. 

(11)  Interfaces  with  associate  contractors  on  the  Program  have  been  firmly 
established  and  cooperation  is  excellent,  particularly  in  the  tech- 
nical and  trouble  reporting  -  corrective  action  areas. 

In  conclusion,  although  at  the  time  of  this  writing  the  proof  of  perform-  " 
anoe  is  yet  to  come,  it  is  felt  that  the  enormous  increase  of  attention  to  de- 
tails, the  "tender  loving  care",  the  many  disciplines  added,  the  competence  of 
personnel,  etc.,  will  all  contribute  to  a  program  which  may  well  serve  as  a 
model  for  future  manned  space  efforts. 

References; 

S8  12521-15  -  "Man-Rating  the  aemini  Launch  Vehicle". 
BR  1225^0   -  "Qemini  Quality  Assurance  Plan". 
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*'  ABSTRACT 

All  too  often  the  cost  in  time  and  money  seriously  limits  the  required  testing 
programs.     Scientific  personnel  accept  the  challenge  of  space  craft  design  but  are 
rarely  stimulated  to  design  and  operate   the  required  testing  facilities.     The  space 
craft  test  engineer  of  today  must,  of  necessity,  be  an  experienced  expert  in  all 
phases  of  space  technology  power-plants,   solar  eirrays,  hydraulics,  pneumatics, 
structures,  dynamics,  ultra-high  vacuum,   solar  effects,  etc. 

Today's  space  environmental  testing  procedures  and  techniques  have  developed  a 
number  of  varied  and  specialized  test  facilities  to  insure  system  reliability  of 
space  craft.     Of  these  many  types,   the  most  important  and  essential  are  the  Orbital 
Simulators.     The  urgency  of  our  current  space  efforts  has  been  responsible  for 
great  strides  in  high  vacuum  equipment  techniques  and  systems  usod  for  space  simu- 
lation. 

To  review  briefly  the  state-of-the-art  and  to  provide  general  familiarization 
with  the  reliability  testing  theory,  methods  and  application  of  the  Orbital  Simu- 
lator for  spaoe  flights  will  be  presented.  , 

To  make  an  over-all  system  reliability  test,  just  before  the  launch — i.e.,   to 
find  out  exactly  how  the  system  will  behave  in  orbit — spaoe  aimulators  are  used. 

INTRODUCTION 

Man,  on  the  threshold  of  free  space  flight  travel,  is  realizing  today  a  dream 
and  a  challenge  that  \B.ve  been  present  from  the  earliest  recorded  histories  of  time. 
The  question  of  what  lies  out  in  the  "heavens"  will  soon  be  answered  by  highly 
trained  astronauts  in  advanced  design  spaoe  vehicles.     However,   before  man  can 
safely  undertake  such  an  adventure,  nximerous  unmanned  exploratory  flights  are  re- 
quired.    These  flights  are  expensive  and  failures  cannot  be  tolerated.     It  has  l^een 
well  said,  "Ve  should  not  build  junk  yards  in  spaoe."     It  is  highly  desirable  to  be 
sure  in  advance  that  the  probability  of  a  successful  flight  is  very  high.     To  a- 
ohieve  this  objective  requires  mastery  of  almost  endless  problems  and  apparently 
insurmountable  obstacles. 

Today's  space  craft  consists  of  a  highly  complex  integration  of  intricate  sub- 
systems: guidance,  propulsion,  communication,  power,  etc.    Not  only  must  each  sub- 
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system  be  tested  to  insvire  proper  design,  but  the  complete  system  must  be  tested 
whe;i  subjected  to  the  expected  combined  environments.     The  old  philosophy  that  a 
chain  is  no  stronger  than  its  weakest  link  is  a  principal  cuciom  of  today's  relia- 
bility testing  engineer.     The  space  simulator  is  a  principal  tool  of  the  reliabili- 
ty testing  en^neer.     The  simulator  must  be  equipped  with  checkout  equipment  which 
in  general  is  oure  advanced  and  of  a  higher  operational  reliability  than  the  space 
vehicle  to  be  tested. 


SPACE  SIMULATORS  -  THE  OBJECTIVES 

There  are  numerous  environments  in  true  space,  such  as  ultra  high  vacuum,   teinp- 
erature,  radiation,  gravity  (or  lack  of  it),  meteoric  showers,  magnetic  fields,  etc. 
It  is  generally  accepted  that  for  space  vehicles  greater  than  four  feet  in  diameter 
reproduction  of  ultra  high  vacuum  and  temperature  is  the  most  feasible  approach. 
Unfortunately,  the  elimination  and  control  of  the  gravitational  field  is  beyond  the 
existing  "state-of-the-art"  of  a  space  simulator.     However,   the  surfaces  of  the 
test  specimen  can  be  subjected  separately  to  nuclear  radiation,  meteoric  dust,  so- 
lar radiation,  etc.,  to  determine  their  effects. 

The  principal  objectives  of  the  space  simulator  chEunber  while  subjecting  the 
test  specimen  to  the  combined  environments  of  high  vacuum  and  heat  flux  euret 

1.  To  obtain  test  data  to  assist  in  the  determination  of  the  Mean-Time-To-Pail- 
ure  and  the  principal  failure  modes  of  the  space  satellite. 

2.  To  establish  the  degree  of  thermal  compatibility  of  the  test  vehicle  and  its 
subsystems. 

3.  To  determine  the  degradation  of  equipment  when  signals  or  voltages  of  the 
satellite  have  been  deliberately  changed. 

4.  To  determine  the  degree  and  effects  of  outgassing  and  redeposition. 

At  the  time  of  this  writing,  complete  solar  simulation  is  not  fetwible  for  a 
large  test  specimen  for  proper  illumination,  spectrum  distribution,  uniformity,  and 
intensity  have  not  been  accomplished.     The  approach  used  at  the  Lockheed  Missiles 
and  Space  Company  «t  Sunnyvale,  California,  in  the  High  Vacuum  Orbital  Simulator 
(HIVOS)  is  to  provide  a  dependable,  long-duration  combined  environment  of  hig^ 
vacuum  and  a  controllable  heat  flux.     The  heat  flux  is  capable  of  providing  both 
free  space  and  earth  orbital  thermodynamic  conditions. 

SPACE  SIMPLATOBS:     DESIGN  AND  CAPABILITY 

The  HIVOS  high-vacuum  orbital  simulator  (1962)  is  Lockheed's  second  generation 
space  chamber.    The  "forefather,"  named  Hig^  Altitude  Temperature  Simulator  (HATS), 
was  built  in  1958.    This  chamber  pioneered  simulator  technology  &nd  introduced  into 
industry  the  first  orbital  simulator.    The  then  existing  vacuum  technology  state-of- 
the-art  limited  the  vacuum  to  approximate  only  a  100-mile  altitude  and  simulated 
the  temperatures  with  radiant  heating  and  refrigerating  systems. 

The  HATS  chamber  (Figure  l)  is  constructed  of  stainless  steel,  8  fe«t  in  dia- 
meter and  9  feet  high.     The  bottom  of  the  chamber  forms  a  door  which  is  raised  and 
lowered  by  a  10-^  inch  diameter  hydraulic  lift  capable  of  lifting  4000  lbs.     The 
puii^ing  sjrstem  consists  of  three  diffusion  pumps,  a  booster  diffusion  puap,  a  meoh- 
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•aloal  xoni^iiaff  piap.    ns«  of  lituid  Bltze(»a-fill«d  eold  traps  radaa*  tb*  fosalMl- 
ity  of  oil  T^por  fxea  tho  Tsenua  pot*  baolntroaaiiic  imto  tbo  ohaakoz.    f wpwaUro 
ooatMl  dnrlBC  toata  is  obtalaad  by  naiac  xadiaat  and  rafrifaxatiea  ayataaa  vitUa 
ttaa  otaaabar.    Thara  ara  14  aaparata  saotloaai  aaah  oaaa  Pxaon  13  aaA  Fxaaa  22 t  ia- 
diTldiaally  ooatxollad. 

Utilising  tha  axperianoa  gainad  In  tha  daaiga  and  oparatioa  of  the  lATS  faaiUty, 
Loekhaad  naalla  aad  Spaoa  Coapaay  apaoif iad-  tha  oparatiaff  paxaaatara  for  tha  IIT08 
facility  (Fiioraa  2,3*  and  4)  • 

Tha  HCTOS  faeility  off  ara  tha  folloviair  ainiwui  oapabilitiaat 

—8 

1.  Hi|^  Taouua  (10   Torr  raa<a)  oontinooualjr  for  parioda  up  to  oaa  jaar 

2.  Haat  flux  prograaaabla  to  siaulata  noon  to  tvili^t  orbita  and  aran  haa  aa> 
aarra  oapaoitjr  to  azoaad  tha  aolar  radiation  axparianead  at  Taaua 

3.  Cold-vall  haat  sink  to  naar  llguid  nitrogan  teaparatuza  (-293°') 
4«  Autoaatlo  ayaehronaua  pro^traaalng  of  taat  spaoiaan  oparation 

3*  RaadoB  aceaas  prograaainc  of  taat  spaoiaan 

6.  Autoaatlo  data  aoqulaitlon 

7.  Coaplata  data  prooasaing  faoilitiaa,  Inoluding  aeoaaa  to  ooaplax  eoaputara 
anoh  aa  tha  IBI  7090  vhioh  ara  arailabla  in  tha  Sunnjrala  Coaplaz. 


Tha  HlfOS  ehaabar  aaaauxaa  18  faat  in  diaaatar  and  20  faat  in  lan^hf  it  ia  bot- 
toa  loading  with  a  liquid  nitrogen  filled  cold-vall  ooapoaad  of  intarlaead  aztradad 
'aluainuB  charrona.  Tha  oharron  surfaoaa  faoing  tha  eantar  of  tha  ehaabar  (figure  3) 
have  bean  sand  blcMted  and  anodized  dark  grey  to  iaprore  their  absorption  of  infra- 
red radiation;  the  surfaoaa  facing  the  inner  valla  of  the  ehaabar  are  poliahed  to 
reflect  radiated  haat.  Cold  vails  ograr  all  the  inside  surfaoaa  of  tha  ehaabar 
(Figure  6).  Liquid  nitrogen  at  -320  F  oiroulatea  through  the  hollov  eold  vail  and 
reaoyes  all  haat  absorbed  by  the  plates.  The  gaaaous  nitrogen  vhioh  is  boiled  off 
by  the  absorbed  heat  is  separated  and  rented  to  the  ataoapherei  the  reaaining  li- 
quid is  returned  to  the  storage  taaka  for  reuse.  Approziaatel/  12,000  gallona  are 
used  each  day  vhen  nozaal  orbital  aiaulation  is  prograaaed.  There  ia  a  total  of 
2830  square  feet  of  cold-vall  surface  area.  The  Heat  Fluz  Sianlator  (Figurea  7  aad 
B)  ooaaists  of  clear  quartz  lai^s  vith  tungsten  filaaents  and  poliahed  paxabolie 
liquid-cooled  alnainua  reflectors.  The  laqp  reflector  aaaaably  is  designed  to  pro- 
dnee  aa  eTen  fluz  pattern  orar  the  apeeiaen.  Tventy-aiz  aeparately  controllable 
zones  are  used.  Special  radioaetera  aeaaure  the  radiant  heat  fluz  prograaaed  to  tha 
teat  spaoiaan.  A  digital  pregraaaer  (Figure  9)  ia  uaed  to  proride  any  haat  fluz 
vhioh  aay  be  required  under  orbital  oonditionat  i.e.,  polar,  equatorial,  noea  aad 
tvilii^t.  The  aazlaoB  output  of  the  heat  fluz  aiaulator  ia  800  BTir/ft  /hour.  Tha 
alnlafoa  output  ia  leas  than  3  WO/{ir/hovJ!»    An  autoaatlo  eoatrol  panel  (Figure  10) 
oiontrola  ^he  operation  of  the  tventy-tvo  36-inoh  liquid  nitrogen  trapped  diffaalea 
pn^a,  the  four  diffoaion  ejeetor  puppa,  aad  the  four  aaehaaleal  roag^iag 


Tha  Bbsabar  alao  haa  the  capability  of  aelf-eleaaiag  by  bakaeut,  naiar  Tasaaa*  at 
4  taapexatme  of  400«r.  Thia  is  aaeoivliahad  by  elvealating  apeaial  flaU  thzani^  a 
iprld  of  over  tvo  ailea  ef  ataialeaa  ateel  tubing  vhioh  ia  attached  to  tha  entsida  aft 
tlia  ehaidMr  (Figare  4)-  A  apeelal  bake-out  ohaaber  eloaare  with  a  aetvezk  of  haat* 
±at  tubea  attaehed  ia  uaed  inatead  ef  the  noraal  teat  eloaura.  The  baildlag  aad 
pwplwg'  ayatea  ware  deaigaed  to  perait  the  ohaaber  length  to  be  ezteaded  ta  39  Itot 
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by  removing  the  top  of  the  chamber,  installing  an  18-foot  diameter  oiroular  sectiou 
15  feet  high,  and  rewelding  the  top  section  into  place. 

The  existing  pumping  system  is  capable  of  producing  a  lO"  Torr  pressure  in  90 
minutes  J  a  lO-o  Torr  pressure  in  8  hours.  A  pressure  of  1  x   10'°  Torr  can  be  main- 
tained with  a  calibrated  leak  of  150,000  micro-liters  per  second. 

SPACE  SIMOLATORSt  THEORY  AW)  SPACE  ENYIROMMEWT 

Satellites  and  space  craft  travel  through  space  vacuum,  except  for  the  short 
dviration  of  the  ascent  and  re-entry  phases;  thus  the  only  significant  external  mode 
of  heat  transfer  is  radiation.  Within  the  vehicles,  however,  heat  transfer  takes 
place  by  radiation,  conduction  and,  in  pressurized  vehicles,  by  forced  convection. 
For  satellites,  the  external  sources  of  energy  are  the  sun  (insolatioii)  and  the 
earth  which  serves  both  as  an  emitter  (earth  emission)  and  as  a  reflector  (albedo) 
of  solar  energy.  An  external  surface  segment  of  an  orbiting  satellite  is  small 
enough  to  be  considered  isothermal. 

The  governing  mathematical  relationship,  which  is  derived  in  the  appendix,  (Eq. 
6)  can  be  expressed  as  follows: 

c'^tJ^     .  PgSc^S  +  PjjRcXjj  +  PgEc.^  . 

This  mathematical  relationship  fully  expresses  the  physical  model  involved  in 
the  simulation  of  orbital  satellites  in  space  flights.  Equation  6  indicates  that 
the  temperature  history  of  the  outer  wall  depends  only  on  the  time  history  of  the 
external  radiation  absorbed  by  the  vehicle  in  space  and  its  surface  properties.  It 
is  evident,  too,  that  it  is  not  necessary  to  evaluate  the  complex  internal  heat 
transfer  terms  that  appear  in  the  appendix  (Equations  1  and  2). 

To  provide  necessary  controls  for  the  simulator  individual  segments,  it  is  ne- 
cessary to  program  variation  T  wall  tenQ>erature  at  the  rates  of     ob   indicated 
in  Equation  6.  In  the  HATS  chamber  this  variation  could  be  done  by  a  series  of  cam 
curves  to  be  used  for  control  of  orbital  ten^eratures .  Thus,  cams  could  be  gener- 
ated with  the  following  assumptions  and  considerations! 

1.  The  orbital  path  is  known        ^ 

2.  The  orientation  of  the  satellite  is  known 

3.  The  satellite  will  receive  radiation  heat  from  two  sources,  i.e.,  earth  and 
sun  as  presented  above. 
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If  the  earth  radiation  and  solar  radiation  are  assumed  constant,  the  total  rad- 
■>  iant  energy  upon  any  point  of  the  satellite  depends  on  two  conditional  how  far  the 
satellite  is  from  the  source  of  radiation  and  how  it  is  oriented  to  the  space  from 
the  source.  It  is  essential  to  make  cams  for  the  segment  controls  so  that  the  seg- 
ments ere  maintained  as  close  cm  possible  to  the  actual  temperature  profiles.  It 
might  be  added  that  the  cam  shape  is  reflected  by  the  temperature  limitation  and 
the  temperature  response  of  the  segments.  Where  compromise  is  neoeaseury,  the  cam 
shape  can  be  modified  by  the  total  amount  of  the  radiant  energy  actually  emitted 
from  the  segments  which  must  be  the  same  as  the  theoretical  values  calculated  for 
*  each  orbit. 

•^'<   Space  environment  simulation  for  large  specimens  such  as  would  require  the  ser- 
vices of  the  HIVOS  chamber  may  be  achieved  at  present  by  high  vacuum  and  either  of 
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two  types  of  radiation  source.  These  are  solar  simulation  smd  thermal  flux  simu- 
lation. 

1.  Solar  Simulation:  Complete  solar  simulation  would  include  the  entire  elec- 
tromagnetic radiation  spectrum,  but  in  current  practice,  consists  only  of  the  ultra- 
violet, visible,  and  infra-red  wavelengths.  This  is  roughly  ec|,uivalent  to  wave- 
lengths from  2000  Angstrom  units  to  100,000  Angstrom  units,  with  the  energy  peak  at 
4600  Angstrom  units  (Figure  11,  Spectrum  Distribution).  Approximately  8  per  cent 

of  the  radiation  is  in  the  ultra-violet  range. 

2.  HIVOS  Thermal  Plux  Simulationi  The  HIVOS  simulator  uses  type  TJ  clear" 
quartz  lamps  with  tungsten  filaments  ^s  a  radiation  source.  The  resulting  spectrum 
extends  approximately  from  3800  Angstrom  units  to  100,000  Angstrom  units,  with  the 
energy  peak  at  about  11,500  Angstrom  units.  There  is  no  significant  amovint  of  radi- 
ation in  the  ultra-violet  range;  the  major  fraction  is  in  the  infra-red.  By  sequen- 
tially switching  the  lamps  and  operating  a  minimum  number  with  increased  power,  the 
average  wavelength  can  be  reduced. 

The  simulated  radiation  affects  the  specimen  in  two  ways: 

1.  Degralation  of  skin  surface  (primary  characteristic  of  ultra  violet):  This 
is  insignificant  as  f£ir  as  penetration  of  .a  metal  skin  is  concerned,  but  of  great 
importance  in  regard  to  the  skin  coating. 

2.  Thermal  effects  (pritoary  characteristic  of  infra-red):  The  thermal  energy 
penetrates  the  skin  or  outer  surface  and  is  transmitted  throughout  the  specimen. 

Heat  flux  simulation  in  the  HIVOS  vacuum  chamber  is  produced  by  using  quartz 
lamps.  These  lamps  have  shown  remarkable  reliability  (not  one  has  failed  in  ser- 
vice luring  the  previouS  20-mo:ith  operation).  The  initial  cost  as  well  as  the  oper- 
ating and  maintenance  cost  for  a  quartz  lamp  system  is  moderate  compsired  to  solar 
types.  For  these  reasons,  a  large  number  of  lamps  can  be  installed  within  the 
chamber  and  controlled  to  provide  a  simulated  orbit. 

Solar  simulation  equipment  is  extremely  difficult  to  operate  within  a  vacuum 
chamber.  In  ozxLer  to  simulate  orbital  conditions  in  facilities  employing  the  car- 
bon arc  or  mercury-xenon  equipment,  rotation  of  the  specimen  is  usually  irequired, 
which  can  become  a  costly  and  complex  operation,  particularly  if  many  "hard-line" 
electrical  connections  with  the  specimen  are  required.  Efforts  to  progreun  solar 
simulation  energy  about  the  specimen  become  even  more  involved,  usually  requiring 
a  large  number  of  chamber  optical  penetration  ports,  elaborate  irefleotive  devices, 
or  both.  Duplication  of  equipment  is  generally  necessary  for  prolonged  test  opera- 
tions because  of  the  unreliable  performance  of  carbon-arc  smd  mercury-xenon  lamps 
ajid  the  frequent  servicing  required.  That  these  problems  are  considerable  is  evi- 
denced by  the  fact  that  not  one  installation  is  known  to  be  capable,  in  operation, 
of  providing  the  continuous  service  required  for  long-term  large-scale  reliability 
testing  programs. 

Where  solar  radiation  is  required  because  thermal  equivalents  of  the  shorter 
wavelengths  will  not  suffiol^,  it  is  often  practical  to  expose  relatively  small  sam- 
ples to  carbon  arc  or  mercury-xenon  lamp  radiation  in  a  small  vacuum  chamber. 

Since  only  surface  effects  are  to  be  considered,  the  large  and  complex  equipment 
used  for  thermal  simulation  is  not  required. 

A  common  approach  to  the  problem  of  space  vehicle  temperature  control  involves 
the  use  of  thermal  control  surfaces,  which  may  be  used  to  perform  the  following 
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functions: 

1.  To  radiate  heat  generated  internally  in  the  vehicle. 

2.  To  absorb  solar  radiation  for  the  purpose  of  raising  the  internal  tempera* 
ture  of  the  vehicle. 

3.  To  perform  both  of  the  above  fiinctions  simultaneously  for  different  thermal 
requirements  in  several  sections  of  the  vehicle. 

SPACE  SIMULATORt     INSTRUMENTATION  AMD  CONTROL  SYSTEMS 

The  satellite  vehicle  being  tested  in  HIVOS  is  under  direct,  precise  control  at 
all  times  during  its  simulated  orbits. 

The  three  automatic  electronic  systems  test  consoles  located  in  the  control  room 
presently  used  for  commanding  the  vehicle  are: 

.    1.     Test  Director's  Console 

2.  Programming  and  Synchronizing  Timer  (PAST) 

3.  Automatic  Programmer  £uid  Test  Systems  (AFATS) 

Test  Director's  Console 

This  is  equipped  to  control  and  monitor  vehicle  electrical  power  including  solar 
battery  simulation.     Its  most  important  functions,  however,  ene  to  monitor  and,   if 
necessary,  override  the  vehicle's  internal  orbital  programmer,  and  to  send  program 
commands  to  the  vehicle  thro\igh  hardlines.     Although  the  console  was  built  by  HIVOS 
personnel  for  a  specific  test  vehicle,  it  was  designed  to  be  easily  adapted  to  any 
program  configuration  and  to  provide  any  desired  degree  of  monitoring  and  control 
of  the  test  specimen. 

Programming  and  Synchronizing  ^imer  (PAST) 

The  PAST  has  three  functions:  •    ^  .       • 

1 .  Time  base  generation 

2.  Orbit  number  and  orbit  time  display 

3.  Vehicle  program  commsuids — storage  and  transmission. 

The  time  base  is  common  to  all  vehicle  control  and  monitoring  operations  in 
HIVOS  and  ties  together  the  several  data  collection  systems.  Based  on  a  I6  KC 
clock,   it  is  accurate  to  O.OOI9S  per  day. 

The  clock  drives  an  orbital  counter  and  timer  which  can  be  set  to  count  simulat- 
ed orbits  with  periods  varying  from  60  seconds  to  999  minutes  and  59  seconds.     It 
can  count  up  to  9999  orbits.     The  information  is  displayed  for  direct  reading  on 
two  counters  in  the  HIVOS  control  room  and  recorded  in  binary  coded  decimal   I'onii 
on  oscillograph  records. 


The  Programming  and  Synchronizing  Timer  can  initiate  predetermined  timo  puh.v 
which  can  trigger  real  time  commands  and  stored  program  commands  wliich  are    Iimiu 
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mitted  to  the  vehicle  at  the  proper  time  during  the  simulated  orbit.  The  tape  read- 
er for  tKis  function  is  located  in  the  Test  Director's  Console,  where  it  is  easily 
accessible  during  orbital  operations. 

Automatic  Programmer  and  Test  System  (APATS) 

The  APATS  was  designed  and  built  for  HIVOS  to  program,  control,  monitor,  and  re- 
cord test  vehicle  and  payload  functions  and  performance  during  simulated  orbital 
flight  (Figure  12).  It  consists  of  fifteen  racks  of  power,  telemetry,  programming, 
signal  distribution,  and  recording  equipment. 

Programming.  A  punched  tape  reader  provides  the  selection  and  timing  of  all 
comparison  and  evaltiation  measurements  of  the  test  specimen  operation.  It  is  cap- 
able of  programming  the  selection  of  stimuli,  selecting  test  points  to  be  monitored, 
and  determining  program  continuation  in  accordance  with  the  measui^ements  and  evalu- 
ation results. 

Control.  Control  of  the  test  vehicle  is  through  the  UHF  command  link  coaxial 
cable.  Preprogrammed  coded  instmictions  are  transmitted  to  the  vehicle  by  the 
APATS  telemetry  console  whenever  it  is  commanded  by  the  Program  and  Synchronizing 
Timer  to  initiate  various  orbital  events. 

Monitoring  and  Recording.  The  APATS  contains  recordars  for  the  optimum  handling 
of  the  several  types  of  data  obtained  from  the  test  vehicle  in  the  HIVOS  chamber, 
as  follows: 

1 .  A  magnetic  tape  recorder 

2.  A  high  speed  (20  points  per  second)  paper  tape  printer  for  hardline  vehicle 
data,  such  as  temperatures,  voltage,  etc. 

3«  A  low  speed  (3  points  per  second)  paper  tape  printer.  Any  data  channels  can 
be  selected  and  scunpled,  as  described. 

4*  An  oscilloscope  and  camera  are  available  for  photographically  recording 
transient  data  which  is  of  too  short  duration  for  a  printer  or  oscillograph. 

'5*  loqportant  TLM  calibration  signals  cem  be  displayed  on  a  digital  voltmeter  if 
required. 

6.  Four  20-channels  event  recorders  are  used  for  recording  coded  commands  trans- 
mitted to  the  vehicle,  both  Real  Time  Commands  (RTC's)  and  Stored  Program  Commands 
(SPC's). 

7.  Oscillographs  are  used  for  recording  general  vehicle  performance  parameters, 
.  either  continuously  for  backup  diagnostic  purposes  or  periodically  during  selected 

simulated  orbits  for  status  monitoring.  Four  recorders  provide  144  channels. 

In  addition  to  the  several  data  recording  devices  incorporated  in  the  APATS  e- 
quipment,  HIVOS  capability  includes  a  Low  Speed  Data  System  (LOSDAS).  This  equip- 
ment is  basically  a  specimen  ten^erature  recording  system  which  can  sample  thermo- 
couples at  the  rate  of  two  per  second.  The  readings  can  be  printed  on  either  print- 
ed paper  tape  or  punched  cards   or  displayed  for  visual  inspection.  In  addition, 
continuous  analog  data  can  be  recorded  on  oscillographs.  The  equipment  consists 
of  two  parallel  250  channel  systems,  one  of  which  incorporates  thermocouple  refer- 
ence junctions.  The  capacity  of  the  LOSDAS  is  therefore  500  data  channels,  includ- 

ZOl 


iaff  250  tW^epature  ■•asureBents.  A  patch  panel  i«  used  to  aeleot  fro«  6O6  poasibla 
infttta  frm  the  teat  ohaaber. 

THB  ORBITAL  SDCQUTORt  TEST  PHOGHAHMIHG  AHD  TEST  CASE  STOMBS 

Jh;om  e^^eplence,  a  practical,  eoono«ioal  vehicle  checkout  and  enrironMntal  teat 
pzooeduz*  taaa  erolTed.  The  procedure  ia  dirided  into  two  parts,  as  follows t 

Preparation 

1.  Test  speciaen  asseabled  and  subsysteas  checked 

2.  Instruaentation  installed 
3«  Integrated  systeas  test 

4.  Where  possible,  cooponents  are  disassembled,  cleaned,  reasseabled  and  in- 
stalled on  ohaaber  door. 

$.  Chaaber  bake-out,  if  required,  with  blank  ohaaber  door 

'6.  Final  Integrated  systeas  test 

t 

7.  Siaulated  orbital  prograa  during  which  all  aajor  events  are  pirogxaaaed.  Used 
as  a  final  check  for  control  data. 

6.  Test  speoiaen  installed  in  chaaber  and  yacuua  and  data  systeas  checked. 

Operation  1         > 

1 .  Similate  orbital  prograa  during  which  all  najor  events  are  prograaaed.  Used 
as  a  final  check  and  control. 

2.  Puop  down  to  ainiaua  pressure  (value  depending  upon  the  out-gassing  rate  of 
test  vehicle^. 

3*  Repeat  siaulated  Orbital  prograa  during  which  all  aajor  events  are  prograaaed. 

4<  Check  thezaal  siaulation  system. 

3*  Conduct  simulated  orbit  test. 

6.  Reaove  test  specimen  froa  chaaber  and  repeat  simulated  orbital  prograa  for 
ootttrol  data  and  degradation  infornation. 

7.  Check  subsysteas  as  required. 

8.  Analyse  data  and  prepare  reports. 
Ai^na  Life  Test— Case  Studr  I 

Reoemtly  a  nine-aonth  reliability  testing  prograa  using  the  High  Yacuua  Orbital 
Siamlator  (HIYOS)  was  ooapleted  (Figure  13).  This  prograa  included  three  30-day 
tests  aad  one  43-day  test,  subjecting  the  Agena  flight  vehicle  to  the  ooabined  en- 
vironaents  of  hifl^  vmeuua  and  orbital  temperatures.  The  vehicle  was  programed  as 
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if  in  orbit.  All  vehicle  subsystems,  guidance,  communication,  payloeui,  power  supply, 
etc.,  were  operated  normally.  Vehicle  motion  was  simulated  by  the  injection  of  er- 
ror signals  int^  the  guidance  loop.  The  response  was  carefully  observed.  Over  200 
themooouples  were  used  to  monitor  and  record  the  temperatures.  The  operation  of 
the  subsystem  was  monitored  by  strip  chart  recorders  and  automatic  testing  equipment 
which  are  part  of  the  HIVOS  Automatic  Data  Acquisition  Equipment. 

Degradation  of  equipment  operation  was  determined.  Qatastrophio  failures  were 
also  discovered.  Necessary  steps  were  taken  to  correct  the  weaknesses. 

Fuel  Dvunp — Case  Study  II 

Fuel  and  other  liquids  must  frequently  be  discharged  from  the  vehicle  into  space. 
It  is  desirable  that  this  discharge  take  place  without  imposing  any  unwanted  torques 
or  thrust  to  the  vehicle.  Also,  the  surface  of  the  vehicle  may  be  coated  with  solar 
cells  or  special  thexmodynamic  finishes  which  are  subject  to  serious  degradation  if 
exterior  contamination  occurs,  as  would  occur,  if  these  liquids  contacted  the  sur- 
face. A  test  program  was  conducted  in  the  EITOS  facility  to  determine  if  liquids 
similar  to  the  Agena  pix)pellants  (normally  dumped  upon  completion  of  all  ignition) 
would  form  jets  witl  semi -vortex  angles  greater  than  30°.  If  jets  greater  than  37° 
occur,  then  impingement  on  adjacent  hardware  transpires.  Four  different  liquids 
were  used.  Methyl  alcohol,  water.  Methylene  chloride  and  Preon  -500. 

These  liquids  were  selected  because  they  would  not  contaminate  the  chamber  and 
they  have  different  freezing  points  and  molecular  weights.  Complete  photographic 
coverage  was  provided.  The  motion  piotiires  definitely  showed  that  for  water  the 
liquid  jets  had  half -cone  angles  in  excess  of  37^ • 

During  some  of  the  tests  a  heated  flat  plate,  simulating  an  adjacent  main  nozzle 
extension,  had  pressure  transducers  mounted.  The  pressures  indicated  by  these 
trsmsducers  varied  with  changes  of  the  plate  surface  temperature.  This  confirms 
the  possibility  that  liquid  droplets  do  impinge  on  the  vehicle  and  the  subsequent 
evaporation  can  produce  vehicle  perturbations. 

During  these  tests . liquid  at  the  rate  of  one  pound  per  second  and  a  duration  of 
30  seconds  was  emitted  into  the  chamber. 

The  actual  pressure  during  the  dumping  of  the  fluid  could  not  be  measured  because 
the  vapor  created  erroneous  readings  of  the  ion  gauges.  Prior  to  the  injection  the 
pressure  in  the  chamber  weie  in  the  10~^  Torr  range  and  recovery  occurred  within 
minutes . 

Thermal  Stress  of  Agena  Booster  Adapter — C&ee   Stvidy  III 

A  newly  designed  booster  adapter  section  of  the  Agena  vehicle  was  subjected  to  a 
constant  teinperature  test  of  200OF  for  four  hour  peirlods  (Figure  14)* 

During  the  temperature  soak  strain  gauges  previously  located  on  the  vehicle  pro- 
vided information  which  enabled  the  design  and  fabrication  engineers  to  verify  their 
design  integrity. 

In  addition,  transducers  which  will  provide  inputs  to  the  environmental  telemetry 
during  flight  were  calibrated,  thereby  insuring  the  acquisition  of  accurate  flight 
information.  The  most  economical  way  of  obtaining  this  environment  was  to  encase 
the  booster  adapter  section  completely  with  a  uniform  heat  flux  as  obtained  using 
the  HIVOS  heat  flux  simulator. 
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COHCLPSIOHS 

nw  spao*  siaolator  of  todajr  ean  prorlde  dep«nda1>l«  lon^r  duration  taatlng  at  low 
praaauzaa  with  aoouxately  oontrolled  haat  flux  programing  for  theraal  aiaolation. 
Rwsa  faoilitiaa  provide  the  design,  integrity,  and  reliability  teetin«  inforution 
urgently  needed  for  the  spaoe  rehioles  of  today  and  toaorrow.  Unfortunately,  the 
Bohedttlee  and  budgets  of  soae  ^aoe  systeu  do  not  pexait  aufficient  testing  to  be 
perfozaed  so  that  design  discrepanoies  can  be  uneorered  and  aodifioations  inoorpor- 
ated  prior  to  launeh.  It  is  hoped  that  perhaps  this  article  aay  stimlate  the  en- 
gineers and  soientists  of  the  future  to  incorporate  the  philosophy  of  sioulated  en- 
Tiroaaental  testing  and  provide  sufficient  tiae  to  incozporate  adequate  testing. 

The  spaoe  siwilator  should  also  be  considered  as  a  research  and  developaent  tool 
to  perfom  specidl  tests  associated  with  the  perforaanoe  of  aaterials  in  space. 

The  design  of  space  chaabers  of  toaorrow  will  require  additional  operation  para- 
aeters— larger  size,  capable  of  testing  vehicles  at  least  24  feet  in  diaaeter  and 
30  feet  high;  hi£^  vacnua)  safe  accessibility  for  huaan  entrance;  solax  siaulation; 
rapid  puap-down  to  siaulate  vehicle  ascent;  vibration  for  engine  environaent,  etc. 

Future  siaulators  aay  require  double-wall  design  and  ion  puaps  (such  as  the  new 
30,000  cubic  ft/sec  Ultec  Pub^). 


The  challenge  to  the  designer  is  treaendous.  For  ezaaple,  where  hiiaan  entry  is 
required,  the  chaaber  aust  be  so  designed  that  in  case  of  an  eaergency  a  aan  can  be 
reaoved  f roa  the  chaaber  and  placed  in  an  interlock  where  aedical  attendants  can 
provide  assistance,  within  60  seconds.  Uince  all  doors  aust  be  Vaouua  tight,  new 
designs  and  techniques  need  to  be  developed.  At  present  a  solar  sinulator  of  pro- 
per size,  iiniforaity  and  intensity  is  beyond  the  existing  state-of-the-art.  This 
challenge  is  one  of  aany  which  has  yet  to  be  overeoae. 

APPBWDIX 
Matheaatioal  Derivations 

The  equation  governing  the  instantaneous  heat  balance  on  an  eleaent  of  vehicle 
skin  in  orbit  can  be  written  ast 

dTc 


r  A 

Wcp^-s     =     FaS^3.PRRcXji    +     Fj.E^g-r«T^    +    P^     +     Q^^^^    +     Q^^^^       (1) 

where 

W   is  the  weight  of  the  element, 

c   is  specific  heat, 

dT 

'TT  IS  the  rate  of  the  teaperatiire  change, 

F„  S  «    ia  absorbed  insolation, 

s   ,  s  ' 

is  the  absorbed  earth  reflection, 
is  the  absorbed  earth  emission, 
is  the  radiation  emitted  in  sptuse, 
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P .        represents  heat  power  generated  by  the  internal  equipaent , 

Q  ^^     is  the  heat  belnc  oondaoted  along  the  wall  to  the  elcaent  under  eon> 
*        sideration, 

Q        is  the  heat  radiation  from  other  internal  Beabere  to  the  eleaent. 
cross 

In  the  Orbital  Sisolator,  the  beat  balance  equation  on  the  saae  eleinnt  can  be 
written  ast 

where 

°,  T       is  the  test  specimen  wall  teoperature, 

X  is  the  geoaetrioal  factor  between  the  chaaber  wall  and  the  speeiaen 

skin  element  under  consideration. 

The  remaining  terms  are  identical  to  those  in  Equation  (l).  Exact  temperature 
simsilation  requires  that  at  any  time  the  solution  of  Equation  (2)  is  identical  with 
that  of  Equation  (l){  i.e., 

crfd/.T*)  +  P^  +  Qcond  +  Ci^^„  *  P^  S  o<^  +  ?R  K*^R  +  l^B  *^E 

-r^T*  .  P,  .  Q,,^  *  Across-  (5) 

For  a  thermal  test  model  identical  to  the  fli^^t  Tehicle,  the  tezas  defining  tha 
internal  heat  transfer  are  identical  in  both  cases.  Thus, 

<r/(T/-T*)  -  ^gSofg  +  ^R^^  +  ^E*^  -  (r€T*.        (4) 

If  Equation  (4)  can  be  satistifed,  the  internal  and  external  temperature  hiatorjr 
will  be  identical  to  the  teat  fli^t.  It  aifl^t  be  pointed  out  that  factor  can 
be  aade  equal  to  the  emissivity    .  Factor    is  given  by 

^-  TTir—,   •  <« 

For  concentric  surfaces,  if  we  make  -G^  equal  to  1  (black  body),  then  the  Bqua- 
tion  (3)  will  reduce  to 

J-  *  . 

Therefore,  Equation  (4}   can  be  written 
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Figure  2.  The  Lockheed  MiBsiles  and  Space  DiTialon  High  Vacuum  Orbital  Simulator. 
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PRECISE  TKACKING  IMlOUGH  THE  UNCERTAIN  ATHOSPHERE 

David  K.  Barton 

Raytheon  Conpany 

Way land,  Mata. 

Su— arv 

Biaa  errora  cauaed  by  tropoapheric  refraction  say  now  be  corrected  to  a  Level  * 
below  the  threahold  of  the  beat  radara.  In  aoat  caaea,  only  aurface  weather  data  la 
needed  for  thla.  The  errora  which  remain  will  fluctuate  at  frequenciea  froa  one  cpa 
down  to  one  cycle  per  day,  or  leaa,  and  will  lead  to  aerious  errora  in  both  radar 
and  Interferoneter  ayateaa.  Long  baaellnea  reduce  the  error,  but  the  preaence  of 
long-perlod  componenta  In  both  apace  and  time  cauaea  the  error  to  drop  very  alowly 
aa  the  baaellne  la  extended.  Effecta  of  theae  componenta  on  poaltlon  and  velocity 
data  are  ahown.  Although  lonoapheric  errora  can  be  held  to  the  required  level  by 
ualng  frequenciea  above  3000  mc,  it  ie  concluded  that  predae  tracking  ayatemt  muat 
uae  trllateratlon  over  very  long  baaellnea  to  achieve  the  accuracies  now  dealred. 

Introduction 

Instruments  available  for  tracking  of  aircraft  and  missiles  during  the  1940' i^ 
were  Halted  In  accuracy  primarily  by  Internal  defects  rather  than  by  the  atmosphere. 
Aa  development  proceeded  toward  Instruments  of  greater  accuracy,  the  problems  of 
atmoapherlc  refraction  were  given  Intensive  study,  and  procedurea  were  devlaed  for 
applying  partial  correctlona  for  range  and  angle  errors  Introduced  by  the  tropo> 
sphere.  Progress  In  radio  meteorology  was  rapid  enough  to  keep  the  realdual  errors 
of  the  troposphere  below  the  level  of  Instrumental  ierror  until  the  late  1950' s,  when 
several  types  of  microwave  tracking  Instrument  reached  the  limits  of  atmoapherlc 
uncertainty.  Throughout  this  period,  electronic  systems  operating  in  or  below  the 
VHP  band  were  encountering  the  lonoapheric  Units  to  accuracy  which  still  prevent 
the  exploitation  of  this  portion  of  the  spectrum  for  precise  tracking  of  hlgh< 
altitude  targets. 

We  will  review  here  the  ways  in  which  the  atmosphere  iVitroduces  error  in  various 
tracking  systemf ,  and  some  of  the  important  atudiea  which  have  provided  partial 
corrections  for  these  errors.  Tropospheric  problems  will  be  taken  first,  following 
which  we  will  make  a  brief  survey  of  ionospheric  effects  before  suamarislng  the 
Influence  of  the  entire  atmosphere  on  tracking  systems. 

Tropospheric  Range  and  Angle  Bias 

The  average  refractive  effects  of  a  spherically  atratifled  atmosphere  on  radio 
tracking  instruments  have  been  computed  and  presented  in  several  ways,  ualng 
alightly  different  approximations  of  the  "standard  atmosphere". ^'^  To  illuatrate 
the  magnitude  of  effects  to  be  expected,  we  have  plotted  in  Figures  1  and  2  the  biaa 
errors  in  range  and  elevation  angle  for  the  CRPL  Exponential  Reference  Atmoaphere 
which  closely  matches  the  world-wide  average  for  aea  level  stations. ^  The  errors 
are  dependent  upon  target  range  and  altitude,  running  from  several  feet  to  about 
300  feet  in  range,  and  from  aeveral  tenths  of  one  mllliradlan  to  several  mr  in 
elevation  angle.  Even  early  tracking  radara  such  aa  the  SCR5BA  required  correctlona 
in  order  to  stay  within  their  error  apedflcationa  at  long  range.  For  aircraft 
tracking,  correctlona  were  applied  in  range  by  aettlng  the  baalc  ranging  oscillator 
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error,  we  obt«in  two  «dv*ntaget  by  performing  Bcasureaencs  over  a  long,  horizontal 
baseline.     It  can  be  shown  that  the  flrat-order  elevation  bias  error,  in  the  long- 
range  caae,  is  absent  fron  this  systea.^*^^    It  is  therefore  unnecessary  to  aeasure 
N,  in  order  to  correct  the  elevation  bias  error  at  high  elevation  angles,  since  the 
term  (Ng/tan  Eq)   froa  Eq.   (2)   is  applied  by  the  geoaetry  of  the  instruaent.     A  second 
advantage  lies  in  the  ability  of  long-baseline  systeas  to  reduce  the  high-frequency 
coaponents  of  fluctuating  error,  as  shown  in  Figure  3. 

This  figure  eaphasizes  the  coaaon  basis  for  aeasureaent  of   target  position  in  all 
radio  tracking  systeas:   the  coaparison  of  phase  or  tiae  delay  at  different  points  on 
the  received  wave  front.     The  pulse  radar.  Figure  3a,  neasures  the  round-trip  tiae 
delay  of  the  envelope  of  the  transaission  to  obtain  range,  and  adjusts  the  plane  of 
its  antenna  ao  that  it  lies  parallel  to  the  phase  front  of  the  received  r-f  signal, 
averaged  over  the  antenna  aperture.      (The  pulse  Doppler  radar  also  uses  the  r-f  phase 
inforaation  to  refine  its  range  precision).     The  interferoaeter.  Figure  3b,  saaples 
the  received  phase  fronts  at  two  or  aore  separate  points,  and  coaputes  the  angle  of 
arrival  froa  knowledge  of  wavelength  and  systea  geoaetry.     Ambiguities  in  the  aeasure- 
aent are  resolved  by  using  aultiple  antennas  with  different  spacing.     The  effect  of 
phase  fluctuations  .which  produce  one  or  aore  cycles  of  "ripple"  in  the  wave  front 
between  the  antennas  is  reduced,  as  coapared  to  the  saaller  tracking  antenna,  although 
a  continuous  antenna  of  equal   length  would  do  an  even  aore  effective  saoothing  Job  if 
it  could  be  used.     Phase  fluctuations  whose  wavelength  is  longer  than  the  interfer- 
oaeter baseline  will  produce  the  saae  error  in  either  case. 

A  third  type  of  system.  Figure  3c,  extends  the  baseline  beyond  the  point  where  r-f 
phase  aabiguities  can  be  resolved,  and  locates  the  target  by  "trilateration", 
coint)arlng  the  envelope  delay  (or  phase  difference  of   the  aodulation  wavefora)  as 
observed,  at  the  two  sites.     Froa  the  point  of  view  of  tropospheric  refraction,  it 
aakes  no  difference  whether  the  carrier  or  the  envelope  delay  is  aeasured,  and  the 
significant  difference  between  systeas  is  the  aaxiaua  extent  of  the  baseline  and 
the  nuaber  of  saaples  (if  any)  which  are  gathered  between  the  end  points.     Angle- 
tracking  antennas  are  Halted  to  abqut  200  feet  in  diameter,   for  econoaic  reasons, 
and  generally  are  in  the  10  to  100  foot  class.     Interferoaeters  have  been  built  to 
use  spacings  of   100  to  100,000  feet,  although  resolution  of  phase  aabiguities  is  not 
generally  possible  beyond  a  few  thousand  feet  in  aicrowave  systeas.     Trilateration 
systeas  aay  be  extended  to  approach  the  dlaaeter  of  the  earth,  and  further  extension 
to  satellites  is  not  iapossible  if  earth-based  systeas  prove  inadequate. 

When  the  Interferoaeter  systeas  were  first  developed.  It  was  believed  that  fluctu- 
ations in  tropospheric  refraction  were,   for  the  amst  part.    Halted  in  size,  and  that 
extension  of  baseline  length  beyond  this  size  would  result  in  errors  alaost  in- 
versely proportional  to  baseline  length. ^^     According  to  this  theory,  an  Azusa  systea 
using  a  baseline  of  ISO  feet  would  be  at   least  ten  tlaes  as  accurate  as  a  radar  with 
a  15-foot  antenna.     A  Histraa,  using  a  baseline  of   10,000  feet  for  position  aeasure- 
ments,  would  be  better  than  Azusa  by  a  further  factor  of  sixty,  while  its  velocity 
data  (froa  a  baseline  of  100,000  feet)  would  be  (^t^O  tlaes  better.     Even  after 
allowing  for  the  foreshortening  of  the  effective  baseline  (GOOF)  J^r^ elevation 
measureMents  on  targets  reaoved  froa  zenith,  these  laproveaent  fil^tors  would  have 
Justified  considerable  effort  and  expense  in  an  interferoaeter  systea.     The  reasons 
for  the  failure  of  Interferoaeter  systeas  to  aeet  these  expectations  have  been 
obscured  by  difficulties  in  establishing  standards  against  which  the  errors  can  be 
aeasured,  but  the  results  of  ataospherlc  studies  provide  clear  evidence  that  the 
initial  assuaption  as  to  the  size  of  the  tropospheric  fluctuations  was  in  error. 
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Th>  Hatuta  of  Troiwpharic  Fluetuatlont 

Refraction  studies  performed  at  ttt*  C«ntr«l  Radio  Ptopagation  Laboratory  of  the 
National  Bureau  of  Standards  had  provided  by  —^\l  ^960  a  description  of  the 
frequency  spectrua  of  tropospberlc  fluctuations.^^    A  suaaary  of  this  data  is  shown 
in  Fifure  4,  where  the  potfer  spectral  densities  of  range  and  rafractivity  variations 
for  two  paths  are  plotted  on  logaritfaaic  scales  covering  several  decades.     The  range 
fluctuation  is  in  teras  of  parts  per  ailllon  of  the  total  path  length,  which  was 
between  10  and  IS  alias  at  an  elevation  angle  of  about  b'*.     The  aost  notable  feature 
of  the  range  spectrua  is  its  steady  increase  in  intensity  with  decreasing  frequency, 
down  to  one  cycle  per  day,  and  the  absence  of  any  overwhelaing  daily  coaponent. 
This  suggests  that  the  refractlvlty  variations  are  not  the  result  of  changing  teaper- 
ature,  but  aay  reflect  the  drift  of  a  aore  or  less  "rigid"  pattern  of  anoaalies 
across  the  aeasureaent  paths. ''3     Later  measureaents  of  phase  difference  variations 
across  baselines  of  several  lengths  tended  to  confira  the  equivalence  of  the  teaporal 
and  spatial  spectra.  ^^    The  top  scale  of  Figure  4  has  been  added  by  this  writer  to 
the  HBS  plot,  and  used  to  derive  the  errors  which  would  have  been  observed  across 
the  Hawaii  baselines  if  the  fluctuations  had  resulted  entirely  froe  ataospheric  drift 
at  10  f  t/jsc.     The  results  are  coapared  in  Figure  5  with  the  aeasured  data,  expressed 
in  tens  of  angle  error  for  different  baseline  lengths  (for  the  IS-ai  path  at  6°). 

The  Hawaii  baseline  data  was  taken  over  liaited  periods  of  tiae,  and  hence  could 
not  show  the  low-frequency  coaponents  of  error  which  are  predicted  by  the  spectrua 
of  Figure  4.     In  addition,  since  the  study  was  intended  to  aeasure  variations  only 
above  about  0.003  cps,   special  ef forte  were  aade  to  ellalnate  the  longer-term 
"trends"  in  the  data,  by  selection  of  samples  and  by  fitting  the  data  to  smooth 
curves.     These  low-frequency  components,  however,  are  the  errors  which  would  produce 
the  largest  effects  on  long-basellne  systems,  and  their  inclusion  leads  to  the  solid 
curve  on  Figure  5.     If  they  are  removed  by  a  filtering  process  froa  the  spectrum  of 
Figure  4,  the  calculated  errors  agree  almost  exactly  with  aeasured  data  from  which 
"trends"  were  reaoved.     The  conclusion  which  has  been  drawn  froe  the  NBS  baseline 
data^^,   that  errors  ifill  vary  Inversely  with  baseline  length  for  baselines  beyond 
about  3000  feet,  is  only  true  if  we  are  willing  to  Ignore  the  error  spectrua  below 
0.003  cps.     If  these  low-frequency  errors  are  iaportant  to  us  (and  we  will  show  later 
that  they  are  of  great  Importance  in  tracking  targets  with  appreciable  angular 
rates),   then  we  must  consider  that  the  error  varies  only  as  the  inverse  fourth  root 
of  baseline,  for  baselines  less  than  100,000  feet.     When  coapared  with  antennas 
whose  aperture  is  large  (e.g.  30  to  100  feet),   the  reduction  in  error  with  baseline 
length  will  be  negligible  until  this  length  reaches  several  hundred  feet. 

The  spectrum  of  Figure  4  also  provides  a  aeans  of  predicting  the  predoainating 
frequencies  of  refractive  error  in  baseline  systeas  of  any  length.     When  we  coablne 
the  fluctuation  spectrua  W(f )  with  a  filter  function  Gb(f )   representing  the  response 
of  the  baeellne,  as  in  Figure  6,  we  obtain  the  spectrua  of   the  range-difference 
error  across  that  baseline.     The  variance  of  the  error  coaponent  in  a  given  octave 
or  decade  of  frequency  is  ;>roportlonal  to  the  spectral  density  tiaes  the  center 
frequency  of  the  octave  or  decade.  15     Thus,  the  largest  error  coaponent  will  appear 
near  the  frequency  fb  «  0.22  b/v„,  where  b  le  baseline  length  and  v^  is  drift 
velocity  across  the  aeasureaent  path.     SubsUntial  error  coaponents  will  spread  over 
the  frequency  range  froa  one-tenth  to  ten  tiaes  this  frequency.     For  the  assuaed 
10  ft/sac  wind  velocity  noraal  to  the  aeasureaent  path,  the  largest  coaponent  will 
appear  near  0.03  cps  for  b  -  100  ft,  0.003  cps  for  b  ■  1000  ft,  and  0.0003  cps  for 
b  -  10,000  ft.     If  the  low-frequency  coaponents  are  reaoved  by  limiting  the 
observation  time  t^  or  by  Intentional  high-pass  filtering,   the  error  will  appear 
largest  at  the  low-frequency  cut-off  of  this  filter,  if  this  is  above  ffe.     This 
fact  explains  the  observation  of  "cyclic"  errors  in  such  systeas  as  Axusa.^'    As 
ths  observation  period  is  increased,  the  aagnttude  of  the  error  and  the  aaplitude    f; 
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of  the  low-£requ«ncy  conpoiient  will  grow  larger,  until  all  conponents  down  to  about 
£l,/10  are  observed  or  until  the  eystea  is  recalibrated  often  enough  to  suppreas  the 
additional  lowfrequency  error.  We  should  note  that  the  low-frequency  error 
eoaponents,  although  very  hard  to  observe  in  aany  tests,  can  lead  to  significant 
errors  in  prediction  of  missile  impacts  or  satellite  orbits.  The  measured  data  can 
appear  free  from  undesired  "noise",  and  yet  contain  trends  which  degrade  its 
accuracy  in  a  more  serious  way  (noise  can  bo  removed  by  data  smoothing,  while  low> 
frequency  error  cannot).  Verification  of  this  effect  is  found  in  monthly  reports 
of  Instrumentation  accuracy,  which  over  many  periods  have  shown  less  than  two- to- 
one  advantage  in  impact  prediction  accuracy  for  Azusa  over  tracking  radar,  although 
the  advantage  in  tracking  accuracy  is  represented  to  be  nearer  ten  to  one.  The 
difference  lies,  presumably,  in  the  fact  that  much  of  the  radar  error  is  in  that 
region  of  the  spectrum  where  it  may  be  recognized  (and  smoothed),  while  the  major 
interferometer  error  remains  hidden  under  the  actual  changes  in  missile  position 
and  velocity.  When  trajectories  measured  by  different  "precise"  Instruments  are 
compared,  the  difference*  In  position  are  frequently  far  greater  than  permitted  by 
the  confidence  limits  assigned  to  the  measurements.  Although  calibration  and 
operating  procedure  may  be  partially  responsible,  much  of  the  spread  in  data  must 
be  attributed  to  unrecognized  atmospheric  fluctuation. 

(k)rrection  of  Low-Frequency  Fluctuations 

The  subject  of  correction  for  fluctuating  errors  has  been  analysed  quite  thorough- 
ly by  Thayer, ^7  and  we  will  not  repeat  his  discussion  here.  We  may  note,  however* 
that  the  corrections  are  effective  only  in  the  frequency  region  below  10~^  cps,  and 
hence  that  they  provide  significant  advantages  only  for  baselines  longer  than  about 
100,000  feet.  Furthermore,  it  appears  that  any  refractivity  data  gathered  at 
stations  within  about  300,000  feet  of  each  other  should  be  averaged  to  obtain  a 
single  correction  applicable  to  all  stations  within  that  region.  (k)rrectlons  for 
horizontal  gradients  of  refractivity  do  not  appear  profitable  unless  a  great  deal 
pf  additional  data  is  available  over  a  range  of  altitudes  up  to  about  10,000  feet. 

Effects  on  Velocity  Data 

When  the  presence  of  low-frequency  fluctuations  became  obvious,  hopes  for  extreme 
positional  accuracies  In  Interferometer  systems  faded.  It  was  still  expected, 
however,  that  the  velocity  data  apeclflcatlons  might  be  met,  since  the  derivatives 
of  these  slow  fluctuations  would  contribute  little  to  the  over-all  error.  The 
spectrum  of  the  velocity  error  for  a  baseline  system  is  found  by  multiplying  the 
position  error  sp>ectrum.  Figure  6,  by  (27ff)^.  In  the  case  of  the  1000-foot  system, 
the  resulting  spectrum  appears  as  in  Figure  7,  with  most  of  the  error  in  the  band 
from  0.01  to  1  cps.  In  this  velocity  spectrum,  it  makes  little  difference  whether 
the  very  low  frequencies  are  included  or  not,  and  the  angle  velocity  error  does 
Indeed  vary  inversely  with  the  baseline' length  (above  b  «  100  ft),  as  shown  in 
Figure  8.  However,  the  original  fluctuation  spectrum.  Figure  4,  applied  only  to  a 
fixed  path,  and  the  frequencies  of  the  fluctuations  depended  upon  drift  velocity  of 
the  atmosphere  across  this  path.  If  we  are  attempting  to  measure  velocity,  we  must 
assume  that  the  measurement  paths  follow  the  target,  and  move  through  the  atmos- 
phere with  a  velocity  which  depends  upon  the  angular  rate  of  the  target,  or  its 
range  and  tangential  velocity.  To  the  extent  that  the  original  spectrum  could  be 
attributed  to  drift  of  a  rigid  pattern  of  refractivity  across  the  path,  we  must  now 
modify  its  frequency  and  amplitude  scales  to  account  for  the  relative  velocity  of 
moving  paths  in  the  atmosphere.  The  new  relative  velocity  may  range  from  10  to  100 
times  the  wind  drift  velocity  (in  Norton's  recent  paper^^  he  gives  the  factor  as  SO 
to  500).  The  position  error  remains  the  same,  as  the  increase  in  frequency  acal* 

219 


..  ky  «  dMtMM  !•  spMUml  dMfity.    Hmmt,  cte  ««l«ci^ 
alM  elM  fMtMT  (lirf)*»  •■«  this  luerMMt  tte 

pcoportiwi  ta  tte  nUtiv*  valocity.    This  iiMrMM  f« 
fl<  rifsn  ••  «td«h  apply  to  «  typlMl  Mk«llii«  ttack  At 
e  of  tbo  tropoaphorio  poU  Mvot  at  2S0  f«/Mc,    fW 
oppwMtt  oDdor  eoBtiollod  toac  oonditioM  oo  ti*md 
hM  a  olaaiU  ta  tvaekai  oo  a  path  at  cooatatft  mmfU*  «• 

It  will  ba  proaaat,  hamvnx,  vhanovar  tka  padw 
at  valeeitloa  gn^Ut  thaa  tha  nonal  vlnd  drift 

, will  ba  at  hithar  fxavMaelaa»  and  tharafora  wqr  i 

wttactlwly  la  data  flltara  of  liidtod  lag  tlM.    Oinraa  an 

B  aad  20  aaceods  (lago  of  ooa  and  10  aac).    Tha  of  fact 
tka  arxor  for  all  tyafa  ifboaa  baaallna  (or  oportoao)  to 
Ui«tlu    SjrataM  of  loi«ar  boaollna  will  axhlUt 

▼arlaa  InvarMly  with 


lonoooharlc  Errora 


VBfxactlTltjr  of  tha  ionoapboro  la  aobjact  to  a 

that  of  tha  tropoapharo.     In  addition  to  tha 
Ivicy  aa  a  functlontf  fraquomry,  for  a  glTon  tlcctroo 
wrlAtlooa  in  alectron  daaalty  with  altltuda,  tine  of  d^, 
at  cycle,  latitadn,  and  Mgnatie  flald  conditiona.    For  tkla 
appiy  eocroctiona  for  ionoapharle  orrora  have  act  «rith 
eratlag  at  VHF  with  two  wall-aaparated  £ra«|iMneli 
coxTcctod  data  by  diracc  Ooaparlaoo  of  tha  two 

Lc  oonndlnga  haa  prorldad  corraction  to  no  hactor 
Icvala,  and  tht  aaae  or  battar  accaracy  can  be  achiovad  bj  xcfi 
of  electron  denaity.'    Balationahipa  between  rafsactlwi^, 
and  critical  frequency  are  ahown  in  Figure  9*  which 
booada  of  ayataa  operation  for  predaa  tracking.     Average 
error  for  daytlae  conditiona  are  ahown  in  Flgaraa  10  aad  U 
flactnatlooa  (neaoored  over  parloda  of  a  few  alnutaa)  oaa  bi 
It  of  tha  average  error,  for  dlatant  targata,  aad 
within  the  lower  ionoaphara.     Larger  valuea  axe  to  ba 
Lc  diatuKbanca. 


oC  the  variability  of  ionoapharle  error,  the  prafarrad 
problaaa  Ilea  in  tha  «iaa  of  fraquanciat  high  ■oBag 
below  tha  tolaraaca  lavol.    Oiually,  thla  lapllaa 
•  10,000  ne,  Although  traekiag  to  tha  order  of  30  faat  ia 
If  data  la  availabla  for  eorraetlon,  It  atty  >-- 
oondltiooa,  bot  the  inoraaaa  in  error  dorii^ 
feo  a  greater  apvaad  la  oyataai  parforaanoa  Uvala. 


■ant  of  ayataaa  and  pcoMdnraa  for  raduetlea  ot  ataaagkai 
.  aad  9mm  of  tha  pitfglla  ia  arvor  aitlaation  hM*  baaa 

ba  atatad  that  tha  autiatiul  raniUa  ot  radio  m* 

aoa  vith  tha  aoada  ot  laalniMnfedtlon  tyatMi  4aalc_ 
I  dasMda  of  tha  iimm  hava  gona  bayond  tte  laval  t» 
ooa  bo  pvodlafead  m  a  dafeaniinlalla  hailt.    lc 
inta  aaaaad  by  loiifparlad  lf«poaplMn« 


to 
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imiruMiit  path,  w*  hav«  produced  Instruaants  which  can  aeasur*  to  «  precision 
tan  to  on*  hundred  tiaas  beyond  the  notaal  variation*  in  th*  Wavefront*  arriving 
at  the  antennas,  and  have  neglected  the  geographical  *pr*adiiig  of . inatruaant  site* 
which  offer*  the  only  solution  to  pr*ei*e  tracking  requireaent*.  lit   the  proce**, 
we  have  learned  a  great  deal  about  ataospheric  variations,  but  aost  of  this     ' 
knowledge  could  have  been  obtained  aore  econoaically  froa  experiaents  of  the  type 
,perforaed  by  the  Natloniil  Bureau  of  Standards.  The  probleas  caused  by  ataosjph^ric, 
errors  1*  not  a*  bad  a*  plght  be  thought  froa  the  previou*  discu**ion,  becauee  the 
accurade*  of  existing  instruaent*  are,  in  fact,  adequate  for  aost  purposes.  Errors 
which  exceed  the  expectations  by  factors  of  ten  to  one  hundred  are  often  not  noticed, 
since  thers  are  no  standards  *  against  which  these  errors  can  be  aeasured  under  actual  ^ 
operating  conditions.  In  the  future,  however,  wc  can  hope  that  the  constraints 
laposed  by  the  ataosphere  on  tracking  accuracy  will  be  recognised  before  dcvelopaent 
is  carried  out,  and  that  maxiaua  advantage  will  be  taken  of  those  factors  which  will 
reduce  error  in  an  econoalcal  way.  Furtheraore,  we  should  note  that  real  la- 
proveaents  in  systea  accuracy  are  unlikely  to  be  aade  until  the  actual  liaits  of 
existing  Instruaents  are  appreciated  by  the  users.  A  aajor  step  in  this  direction 
will  have  been  taken  when  quality  analysis  procedures  are  devised  to  cover  all 
regions  of  the  error  specCrua,  rather  than  the  coaaon  subdivisions  of  '*noise"  and 
"bias".  Ths  aatheaatical  attractiveness  of  the  randoa-noise  plus  fixed-bias  aodel 
is  undisputed,  but  its  effectiveness  in  predicting  errors  (and  iapact  points)  is 
open  to  serious  question.  This  is  probably  the  largest  single  factor  producing  the 
"missile  accuracy  gap"  which  separates  the  boundary  of  the  confidence  Halt  of 
aeasured  data  froa  the  actual  position  or  velocity  of  the  target. 
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TABLE  I 
OptiauB  Accuracy  of  Range  and  Angle  Corrections 
Long-Range  Ceee  (R  >  300  n.  ■!.) 

Initial  range  bias,  AR,   (ft) 
'  Residual  range  bias,  0"^^   (ft) 
X  residual  error 

Initial  angle  bias,  C^  Qirad) 
Residual  angle  bias,  (Tgj,  ()irad) 
Z  residual  error 

Short-Ranae  Case  (R  ■  50  n.  mi.) 

Initial  range  bias,  AR^  (ft) 
Residual  range  bias, ff^^  (ft) 
Z  residual  error 

Initial  angle  bias,  ^^  (;irad) 
Residual  angle  bias,  (T^^  (;irad) 
I  residual  error 

(Values  shown  should  be  doubled  for  disturbed  neteorological  conditions  such 
as  heavy  cloud  cover,  fronts,  and  inversions;  also  for  lack  of  reliable  and 
frequent  soundings  covering  the  entire  tropospheric  path  used  in  BeasureMttt) . 

(froB  Ref .  9) 
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SLANT  RANGE  Rq  IN  NAUTICAL  MILES 
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Figure  2.     Tracker  •Icvatlon  angle  error  ve.  range  for  CRPL 

exponential  reference  ateoephere,  N^  ■  313   (froa  Ref.  9). 
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EQUIVALENT  SPATIAL   PERIOD  IN  FEET  FOR    V^^  =10 FT/SEC 
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mCSCWAVB  OVEK-WATBI  HDLTIPAXH  FKOFACATICm 
TBST  AT  TU  MISTBAM  ELBOTBKIA  SZTB 

B.  tf.  HalnscTlliig 

l«dio  Culdanc*  Operation 

General  line trie  Company 

Syraeuaa,  law  Tork 

8m— arr 

A  nultipath  propagation  taat  aaing  tha  awaap  fraqwaney  tachniqoo  vaa  parfamad 
ovar  tha  28<«ila  ovarrvatar  path  batwaan  Miatraa  Central  Station  and  Powell  Paiat 
at  Eleuthera,  B.W.I,  daring  Hovanbar  of  1963.     Large  ocean  reflected  eignalawere 
noted.     Teat  raaulte  ahow  path  length  differeneea  between  the  direct  and  reflected 
aignal  up  to  alx  tlaae  larger  than  tha  theoretically  coaputad  valoei  taking  into 
account  earth  curvature  and  4/3  earth  type  of  refraction  corractiona.     The  relative 
■agnitude  of  the  reflected  aignal  with  reapact  to  the  direct  eignal  varied  between 

0.3  and  0.96. 

« 

Poor  correletion  ^between  nultipath  phenonena  and  neeaurad  weather  deta  was  nated. 

Application  of  the  results  of  thii  study  to  improving  the  reliability  of  a 
frequency  diversity  comnunication  link  are  discussed. 

*  -     . 

Introduction 

Since  the  installetion  of  c)ie  Mistraa  II  Miaaila  Trejectory  Measuring  System  at 
Eleuthera  in  the  British  West  Indies  there  has  been  considerable  intsreat  in  under- 
etanding  the  nicrowave  propegation  characteristics  of  en  over-water  path.     It  was 
felt  thet  this  understanding  would  pemit  the  optimum  design  of  electronic  oquipmeat 
which  was  to  be  used  in  this  environment. 

During  the  fall  of  1962,   the  National  Bureau  of  Standards  conducted  a  propaga« 
tion  test  between  the  Mistram  Central  Station  and  Powell  Point,   e  distance  of  about 
28  niles.1'2     This  test  measured  the  similitude  and  phaaa  veriationa  experienced  over 
this  link.     The  experimental  data  was  reduced  to  obtain  the  statistical  properties 
of  the  amplitude  end  phase  veriations.     A  strong  reflected  signal  from  the  ocean 
aurfaca  wee  suspected  aa  being  the  cause  of  the  violent  amplitude  and  phase  varia- 
tions noted.     In  order  to  Investigate  this  possibility,  berge  sMuntsd  screens  were 
positioned  perpendicular  to  the  direction  of  propagation  at  the  calculated  point  ef 
epecular  reflection.     It  wes  reasoned  thet  if  oceen  reflections  were  the  cause  ef  the 
amplitude  and  phase  veriationa,  then  these  specially  designed  ecreens  would  block 
the  reflected  signal  and  reduce  the  solitude  of  the  f luctuetione .     Little  improve- 
ment waa  noted  uaing  this  technique. 

In  the  aeantime,  the  Generel  Electric  Company  developed  an  instrument  for 
measuring  multipath  propagation  characteristics.     Utilising  the  latest  develop- 
ments in  broadband  nicrowave  technology,  the  Instrumant  waa  capable  of  reaolwing 
extremely  email  propagetion  path  differeneea  between  two  aignala;   path  length 
differeneea  ef  0.1  feet  or  more  could  be  measured.     In  the  fall  of  1963  thia  equip- 
ment wes  installed  to  investigate  the  same  propagation  path  prawiously  meaaured  by 
the  Metional  Bureau  of  Standards. 

The  purpose  ef  thia  paper  is  to: 
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1.  d«serlb«  th«  tasta  that  war*  parfoiaad 

2.  prasant  tha  asparlaantal  raaults  obtainad 


3.   to  daaonatrata  ona  uaa  of  thaaa  raaulta  in  tha  optiaiiation  of  a  typical 
fra^oancy  divaralty  coaBunicatlon  link. 

MultJpath  Charactarlattca 

A  radio  coanunlcatlon  link  la  aald  to  ba  axparlanelng  multlpath  tranaalaslon 
If  tha  racalvad  algnal  mmj  ba  darlvad  from  tha  vaetor  addition  of  two  or  aora 
diatinet  aignala,  aach  travaling  ovar  it*  saparata  path.  Tha  ganaral  ■ultipath 
aituation  that  will  ba  dlaeusaad,  in  which  tha  propagating  aadiioi  producaa  threa 
diatinet  paths,  la  lllustratad  in  Figure  1.  Tha  ahortaat  path  it  arbitrarily 
labalad  tha  direct  algnal;  it  hai  a  relatlTa  aagnituda  of  1.0  and  an  effective 
propagation  diatance,  R. 


ys*.^-?*  'fiifi^  ■  ^if^' 


Tranamitter  — (  . ^  I—  Receiver 


Figure   1.  Multlpath  Transmission  with  Three  Distinct  Paths 


Tha  upper  aultipath  haa  a  relative  Magnitude  of  K^   and  an  effective  propagation  path 
itf-'R'f^i^.  Thia  aultipath  la  eauaed  by  ataoapharlc  anooallaa. 


Tha  lower  aultipath  haa  a  relative  aagnitude  of  Nj  and  an  effective  propagation 
diatance  of  R+A2.  Thia  aultipath  is  caused  by  reflection  froa  the  earth's  surface. 
A  180-degr**  phaaa  reveraal  occurs  upon  reflection  at  the  grasing  anglaa  of  Incidence 
to  be  conaldared.   (Thia  is  true  for  both  horisontal  and  vertical  polarisation.) 
Tha  effect  of  tha  additional  path  length, A,  in  the  propagation  path  of  the  aultlpattl^ 
algnal  la  to  cauae  an  additional  phaaa  delay  with  reapact  to  tha  direct  algnal.  This' 
phaaa  delay  aay  ba  aspreaaed  aa 

,,.,■,-•7  ■.■..■•        ■;■  -:^'i;;'i."'  si./;',  '  '■•^'' 

9  •  UtiA   radiana,  (1)    ^ 

c  •■  ''  '-  '"■"■■        .... 
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wh«r*  f  la  the  fraqacney,/^  Is  Ch«  ^th  langth  diff«r«iic«,  and  e  Is  ths  valoclty 
of  propagation.  Ualng  ths  assBpls  shown  In  Figure  1,  ths  rscsivsd  signal  can  ba 
rsprasantad  as  tha  vsetor  sddltion  of  tbraa  vaetors  aa  shown  in  Figurs  2. 


2jrfA. 


D  =  1 


2fflA. 


eo=- 


Resultant 


Figure      2.    Vector  AdditicHi  of  Three  Vectors 


The  resultant  vector  is  completely  detemined  from  a  knowledge  of  the  relative 
magnitude  and  additional  path  lengths  of  the  multipath  vectora. 

Principle  of  Measureaenti    •  *, 

Several  techniques  may  be  used  to  meaaure  the  presence  of  multipath  propagation. 
(See  References  1  through  6.)     Among  the  more  important  techniques  are  the  following: 

a.  Narrow  Pulae  Transmission 

Multipsth  propagation  would  be  preaent  if  two  or  more  pulses  are  received 
for  each  transmitted  pulss. 

b.  Angls  of  Arrival  Meaaurementa 

A  narrow-beam  antenna  ia  rotated  in  the  vertical  plane  (similar  to  the 
rotation  of  a  height-finding  radar).     Multipath  transmission  is  present 
if  appraciable  energy  ia  received  at  two  or  more  elevation  anglea. 

c.  Sweep  Frequency  Technique 

The  tranamitter  is  swept  in  frsquency.     In  the  presence  of  multipath  trans* 
mission,   tha  received  amplitude  veraua  frequency  dlaplay  will  have  a 
characteriatic  multipath  signature  that  is  attributable  to  the  rotation 
of  the  multipath  vector  or  vectors,  with  respect  to  the  direct  path,  aa 
tha  frequency  changea. 
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d.        Interference  Pattern  Meaeurement 

A  aaall  eaapling  antenna  la  used  to  meaaure  the  vertical  Interference 
pattern  produced  by  the  vector  addition  of  the  direct  and  multlpath  vectors. 

If  very  aaall  rapid  path  length  differences  are  to  be  detected,    the  cweep 
frequency  technique  la  the  most  promlalng.     With  the  recent  development  of  the  back- 
ward wave  oscillator  and  the  traveling  wave  tube.   It  Is  possible  to  sweep  over  a 
band  of  about  40  percent  of  the  center  frequency,  whlch-'-lf  It  Is  centered  In  the 
X-band  reglon--would  allow  path  length  differences  of  0.1  foot  and  larger  to  be 
■easured. 

The  sweep  frequency  technique  Is  Illustrated  In  Figure  3  for  the  case  of 
reflections  from  the  ocean  surface.     For  simplicity,  only  one  multlpath  signal  will 
be  considered. 
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Figure  3         Sweep  Frequency  Technique 
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Th«  output  of  the  tranvaltter  la  propagated  over  the  miltlpath  anrlronMnt  tliat 
la  to  b*  aaaaurad.  Th«  aagnltuda  of  th«  vector  rcaultant  of  the  direct  and  and  aultll 
path  aigfial  la  '^*celv«d  and  dlaplayed  on  the  oacllloacope  aa  a  function  of  frequency. [ 
Fran  the  vect<fSt  diagram  (aee  Figure  3(b))  It  can  be  aeen  that  aa  the  frequency  la 
Increaaed,  the  nultlpath  vector  will  rotate  in  the  cloctarlae  direction  through  an 
angle  which  la  directly  proportional  to  frequency. 

The  correapondlng  amplitude  of  the  reaultant  vector  la  ahown  In  Figure  3(c). 

In  addition  to  the  amplitude  variation,  the  multlpath  vector  la  capable  of 
producing  a  phaae  variation  aa  a  function  of  frequency,  which  la  ahown  in 
Figure  3(d).  The  relative  magnitude  of  the  multlpath  aignal,  M,  with  reapect  to 
the  direct  aignal,  0,  may  be  eaaily  calculated  from  the  ratio  of  the  maximum  to 
minimum  signal  level  aince  the  maximum  la  l+H  and  the  minimum  la  1  —  M.  The 
additional  path  length, 21 ,  may  be  calculated  from  the  frequency  difference  between 
aucceasive  nulla.  The  nulla  occur  at  frequendea  for  which 

2nir  s  2W£A  radians  for  n  .  0.  1,  2,  3  (2) 

c 

ao  that  the  path  length  difference  may  be  expressed  as 

A  =  -£  (3) 

where  fr  is  the  frequency  between  succeaalve.  nulls.         (^^^. 

In  the  event  that  two  or  more  multlpath  signala  are  preaent,  the  complex 
diaplay  of  resultant  amplitude  versus  frequency  will.  In  general,  require  reduction 
into  its  individual  multlpath  components  by  means  of  a  simulator. 


Equipment 


Transmitter 


A  simplified  block  diagram  of  the  transmitter  la  ahown  in  Figure  4.  The 
tranamltter  conaists  of  a  backward  wave  oacillator  that  linearly  aweepa  between 
6.5  kilomegacycles  and  11. 0  kilomegacycles  at  a  10-cycle  per  second  rate.  The 
BF  output  is  emplified.  by  a  wideband  traveling  wave  tube  amplifier  and  delivered 
to  the  antenna  through  the  broadband  sampler. 

The  sampler  producea  a  d-c  voltage  that  la  proportional  to  the  RF  aignal. 
Thla  voltage  la  competed  to  a  voltage  reference  that  corresponds  to  the  desired 
RF  output.  The  difference  voltage  la  amplified  and  then  used  to  vary  the  backward 
wave  oscillator  output  in  auch  a  way  aa  to  maintain  the  sampler  .voltage  jequal-  to 
the  reference  voltage.  This  feedback  arrangeswnt  keepa  the  output  aignal  reaaonably 
eonatant  in  aplte  of  the  violent  power  variation  that  would  normally  be  expected 
when  a  backward  wave  oacillator  and  traveling  wave  tube  are  uaed  over  such  a 
wide  bandwidth. 
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Figure  4         Transmitter,  Simplified  Block  Diagram 


Racalvr 

A  slfflplifled  block  diagram  of  the  receiver  is  shown  in  Figure  5.   The 
associated  display  and  recording  equipment  is  shown  in  simplified  block  diagram 
fom  in  Figure  6. 

The  sweep  frequency  receiver  is  designed  to  follow  in  frequency  the  linear 
frequency  sweep  of  the  associated  transmitter.   It  consists  essentially  of  a 
frequency-lock  loop  with  a  sweep  assist  channel  in  order  to  permit  the  large 
frequency  deviation  of  the  incoming  signal  to  be  followed. 

The  received  signal  is  mixed  with  the  local  oscillator  in  the  special 
broadband  mixer  located  directly  behind  the  tower-mounted  receiving  antenna.  The 
resultant  30-megacycle  intermediate  frequency  is  amplified  in  a  60-db  amplifier, 
which' is  also  tower-mounted.  The  amplified  signal  is  transmitted  down  the  tower 
to  the  step  attenuator,  where  various  fixed  attenuations  can  be  switched  in  the 
signal  path  to  bring  the  absolute  received  level  to  an  acceptable  value.  TWo 
additional  stages  of  fixed  amplification  are  added  before  detection.  TWo 
detectors  are  available.  One  is  a  linear  detejctor  which  produces  a  low-frequency 
signal  output  that  is  linearly  proportional  to  the  intermediate  frequency  signal. 
The  other  is  a  logarithmic  detector  which  has  the  capability  of  expanding  the 
lower  signal  levels.  All  the  data  analyzed  in  this  report  was  obtained  with  the 
linear  detector. 

A  frequency- lock  loop  with  sweep  assist  is  used  to  obtain  accurate  tracking 
of  th«  local  oscillator. 
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Figure     5      Sweep  Frequency  Receiver,  Simplified  Block  Diagram 
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A  portion  of  the  IF  stgna)  i a. hard -limited  in  order  to  obtain  a  aignal 
output  for  vhich  the  aaplitude  is  ebnatant  Irreapectlve  of  the  level  of  the  Input 
aignal.  One  output  of  the  Hmiter  la  applied  to  the  frequency  dlacrlalnator  where 
a  ▼oltage  proportional  to  the  Inatantaneoua  frequency  deviation  froai  30  aegacycles 
la  produced.  Tbla  voltage  passes  through  the  suaaer  and  la  applied  to  the  backward 
wave  local  oscillator  in  order  to  control  the  frequency  of  this  oscillator  with 
raapact  to  the  received  aignal  so  that  the  required  30-megacycle  IF  is  produced. 

In  order  to  reduce  the  gain  requirement*  ot   the  frequency-locked  loop,  a 
aweap  aaalat  channel  la  enployed  to  produce  the  sawtooth  voltage  raquirad  by  the 
local  oaclllator.   This  Is  implenented  by  using  the  second  output  of  the  Unite... 
Bafora  the  start  of  the  receiver  sweep,  tne  local  oaclllator  la  preaci  :^ 
oaelllate  at  the  low-frequency  end  of  the  frequency  apectrun.  Wnan  the  transmitter 
awaap  la  30  megacycles  below  the  trequencv  of  the  preset  receiver  local  oaclllatot , 
ai  narrow  pulse  Is  produced  at  the  output  of  the  1-megacycle  bandwidth  amplifier 
Thla  pulaa  triggers  the  gate  generator,  which  In  turn  Initlatea  the  sawtooth. 
The  aawtooth  sweep  Is  sussiMd  with  the  output  of  the  frequency  discriminator  and 
applied  to  the  local  oscillator  In  order  to  produce  the  predominant  portion  of 
the  frequency  sweep  voltage.  The  frequency-locked  loop  aignal  then  correaponds 
to  the  error  between  the  transmitter  and  receiver  sawtooths. 

In  addition  to  the  two  video  output  algnals,  the  receiver  provides  a  aawtootir 

aignal  that  Is  proportional  to  frequency  for  horizontal  deflection  of  the  oaclliu- 

acope  dlaplay  and  a  caiMra  trigger  for  aynchronlzlng  the  abutter  and  flla  pull-iiovr- 
of  the  pulae-oparated  camera. 

The  simplified  block  diagram  of  the  dlaplay  and  recording  equipment  ta 
liluatrated  In  Figure  6.  A  Tektronix  585  oadlloacope  la  uaeu  to  produce  the 
osellloscopa  dlaplay.  Either  the  linear  or  the  logarithmic  video  signal  is 
amploynd  to  produce  the  vertical  deflection,  while  the  local  oscillator  sweep 
voltaga  Is  used  for  the  horlsontal  deflection.  The  cathode  ray  tube  display  la 
than  a  plot  of  the  received  aignal -versus-frequency  with  a  rcnetltion  rat?  -t 
10  sweapa  per  aecond. 

Experimental  keaults 

Maaauramenta  over  the  Central  Station  -  Powell  Point  ptopagation  oavb  wer^ 
conducted  during  November  and  the  early  part  of  December  1963.  Xypica)  resultar.c 
•■plltuda  varaua  frequency  photographa  are  shown  in  Figures  ''  through  iO  which . 
ware  aalaetad  to  llluatrate  aosM  of  the  extresM  condltiona  encountered. 


During  a  notmal  teat,  a  umt   resultant  amplitude  veraus  trequency  photograph 
waa  aspaaad  every  1.6  aaconda.   In  order  to  conaenre  film,  bursts  of  about  10  frames 
ware  takan  every  15  mlnutaa.  One  typical  photograph  from  each  buret  was  reduced  to 
obtain  a  value  of  the  additional  path  length  of  the  multlpath  aignal .  A  ,  and  the 
ralativ*  aagnltoda  of  the  multlpath  aignal  with  reapect  to  the  dlrecr  signal.  The 
raanlta  of  thla  reduction  on  a  typical  teat  are  shown  in  Figure  11,  xu  which  the 
rmtk  laagth  dlffarance,  A  ,  and  relative  magnitude  of  the  multlpath  signal  are 
tflaplajad  aa  a  function  of  time. 

Tha  demlnant  multlpath  aignal  was  produced  by  ocean  reflection.  The  path 
laaftk  difference  varlea  between  0.U9  and  O.A  foot,  and  the  relative  magnitude 
▼•rlad  batmaen  0.3  and  0.96.  The  larger  values  of  relative  magnitude  are  difficult 
ta  read  accurately  and  It  la  therefore  probable  that  values  of  relative  magnitude 
larger  than  0.96  ware  experienced  froai  time  to  time.  Theoretically,  the  raflaeted 
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Figure  7  -  Experimental  Results 
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signal  ^oul<l  be  reduced  from  unity  by  the  value  of  the  divergence  factor  vhlch 
la  calculated  In  Reference  15,  Appendix  A  to  be  about  0.52.     Thia  average  magnitude 
la  in  approximate  agreement  with  theoretical  calculations.     The  wide  variations  in 
the  relative  magnitude  must  be  produced  by  meteorlogical  and  ocean  fluctuations 
whose  exact  origins  are  presently  unknown. 

the  measured  value  of  path  length  difference  was  usually  (up  to  six  times)- 
much  greater  than  the  theoretically  calculated  value  of  0.06  derived  in  Reference  15, 
Appendix  B  and  C,  by  accounting  for  the  earth  curvature  and  ray  bending  using 
the  4/3  earth  approximation. 

Theae  large  values  are  of  a  magnitude  which  could  be  attributed  to  differential 
refraction  between  the  two  paths   (for  which  no  correction  was  made)   and/or  due  to 
changes  in  she  apparent  center  of  multipath  reflection  due  to  sea  conditions. 

At   timea,   large  values  of  path   length  difference  occurred  simultaneously  with 
rapid  variations  in  path  length  difference.      This  is  well    illustrated   in  Figure   11 
between  5:00  and  7:00  A.M.,  where   large  changes   in  path  length  differences  of ten 
occurred  within  a  matter  of  seconds. 

An  interesting  phenomena  occurred   on  Che  afternoon  of   6  November  1963  when 
thunderstorm  activity  was  observed   in  the  vicinity  of   the   propagation  path.     At 
this  time,    the  absolute   signal   level    increased   by  about  20  db  at  all   frequencies 
and  no  multipath  transmission  was  observed.      After  several   hours,    the  propagation 
path  returned   to  ita  normal  condition.      This   phenomenon  is   characteristic  of  ducting 
(see  Reference  10) . 

A  large  amount  of  weather  data  was  accumulated  during  the  multipath  tests  in 
the  hope  that  multipath  results  could  be  correlated  with  some  meteorlogical  char- 
acteristic. Part  of  the  recorded  weather  data  was  reduced  to  obtain  some  derived 
quantities  which  were  also  used  in  the  correlation.  All  the  available  weather  data 
was  then  plotted  aa  a  function  of  time  and  visually  correlated  with  plots  of  path 
length  difference  and  relative  magnitude  of  the  reflected  signal.  Unfortunately, 
not  enough  correlation  was  noted  between  the  quantities  to  be  of  any  help  In  pred- 
icting poor  propagation  conditions. 

Application 

The  previous  section  Illustrated   the  typical  multipath  parameter  variations 
of  an  over  water  path.      In  this  section,    it  would  be  of  interest   to  apply  these 
results   to  optimize  a   frequency  diversity  communication  link. 

A  typical   frequency  diversity  communication  link  operating  in  a  multipath 
environment   is   Illustrated   in  Figure   12. 

The    information  to  be  transmitted  over   the   link  is  modulated  on   two  carriers 
which  are   separated   in  frequency.      Art  the  terminal  each  carrier  is   received  by  a 
aeparate  receiver,   and   the  outputs   of   the  two  receivers  are  combined   to  yield  one 
output   signal .      The  combination  process  may  be   produced  by  a  simple   switch  which 
selects  the  output  of  the  receiver  with  the  strongest  input  signal,   or  a  more 
elaborate  combination  process  may  be  used.  .        „ 

For  Illustrative  purposes  in  this  paper   let  us  consider  that  a   simple  switch 
is  used   to  select  the  receiver  with  larger  input  signal. 
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Figure  12  -  Typical  Frequency  Diversity  Communication  Link 


In  a  frequency  diversity  conmunication  link,  it  is  reasoned  that  the  propagation 
conditions  experienced  by  the  two  separate  carriers  frequencies  are  sufficiently 
different  so  that  the  probability  of  both  carriers  simultaneously  experiencing  deep 
fading  conditions  is  extremely  small. 

For  carrier  frequencies  in  the  X-band  region,  a  frequency  separation  of 
between  2  and  4  percent  would  be  typical.   This  corresponds  to  frequency  separation 
of  about  200  MC.   In  general,  this  degree  of  frequency  separation  is  usually  suf- 
ficient to  produce  uncorrelated  noiae  at  the  receiver,  when  this  noise  is  generated 
in  the  atmosphere.   It  would  now  be  of  interest  to  calculate  the  performance  of  our 
typical  frequency  diversity  communication  link  in  an  ocean  reflected  multlpath 
environment.   As  illustrated  by  the  experimented  data  in  Figure  7  through  11, 
the  presence  of  the  reflected  signal  causes  severe  fading  at  certain  frequencies, 
the  exact  frequency  being  a  function  of  the  path  length  difference.   A  typical 
amplitude  versus  frequency  spectrum  is  Illustrated  in  Figure  13  below. 


Amplitude  of 
Resultant  Signal 


Optimum  Frequency 
Separatipn 


♦  Frequency 


Figure  13  -  Typical  Amplitude  versus  Frequency  Display 

249 


Froa  this  figur«>   it  e«n  b«  concluded  thac  th«  opCiaua  frequency  diversity 
action  will  result  if  the  two  frequencies  of  the  coanunicetion  link  ere  positioned 
in  the  spectrua  so  that  one  is  at  the  peak  of  the  received  asiplitude  spectrua 
while  the  other  is  at  a  null.     A  horisontal  shift  of  the  aaplitude  spectrua  curve 
aay  result  in  an  exchange  in  which  carrier  frequency  has  the  higher  aaplltude  and 
is,  therefore,  used  to  coaplete  the  coaaunication  link  but  will  not  cause  coaaun- 
ication  failure. 


In  proceeding,   it  would  be  beneficial  to  ezaalne  this  rather  obvious  con- 
clusion in  aore  detail  in  order  that  quantitative  results  aay  be  obtained. 

As  discussed  in  detail  previously,  the  relative  phase  angle  between  the  direct 
and  aultipath  vector  caused  by  the  additional  path  length, A,  of  the  reflected 
signal  is  given  as: 

e  s     360 -^A     degrees. 
C 

where  ^  is  the  operating  frequency  and  C  Is  the  velocity  of  light.     Because 
of  the  slight  difference  in  carrier   frequencies,    the  phase  shift  produced  by  ■  ^ 

aultipath  at  each  carrier  frequency  '«111  be  slightly ^Ifferent.      In  particular, 
let  the  phase  shift  produced  at  the  higher  frequencyjl  be  9^  and  thet  at  the  lower 
frequency, 7  2  by  82.      In  addition,    let  the  path  length  difference, A   >   ^^  comnon 
for  both  lErequepcies.      The  vector  diagram  corresponding  to  the  two  received  signals 


D,      1 

Figure  14 

Received  Signal  Vector  Diagrams 

(b) 

frequency  f  g 
frequency  f  ^ 
are  drawn  in  Figure  14.      In  the  diagrams,  the  direct-signal  vectors  are  each 
assuaed  to  be  of  unity  magnitude  and   the  multipath  vectors  to  have  a  relative 
aagnitude  of  M  z  Mi   :  M2  with  respect  to  the  direct  vector.     Under  the  above 
conditlona,   it  can  be  seen  that  the  relative  value  of  the  resultant  vector  at 
each  frequency  is  determined  from  a   knowledge  of  B^,   82  and  M.      In  order   to 
siaplify  the  conparlson  between  the   two  resultant  vectors,   the  two  direct  signal 
vectors  aay  be  superinposed  which  would  produce   the  vector  diagram  of  Figure  15. 

As  the  path  length  difference«A|  increases,  both  8^  and  O2  will  increase. 
Because  of  its  higher  frequency  81  will  increaae  at  a  faster  rate  than  92  and 
the  diffarantial  phase  ehift  £8  will,  therefore,  also  increase  as  a  function  of  A 

lach  of  the  resultant  vectora  will  undergo  tM  typical  amplitude  pertubatlons 
•a  a  function  of  .path  length  difference  Illustrated  in  Figure  16. 
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Figure  15  -  Superposition  of  Received  Signal  Vectors 


J,.      Figure  16  -  Received  Signal  Amplitude  versus  Path  Length  Difference 

In  generating  these  curves,  the  direct  signal  vectors  are  each  assumed  to 
be  of  unity  magnitude  and  the  multlpath  vector  to  have  i'^^elatlve  magnitude  of 
M  s  .95  with  respect  to  the  dlreclr vector.   In  addition,  those  values  of  path  length 
difference,^  ,  which  cause  thr  maximum  simultaneous  attenuation  of  both  signals 
and  which  would  represent  the  worst  conditions  under  which  the  system  would  be  required 
to  operate  are  shown  by  the  small  arrows.  It  can  also  be  seen  that  If  the  path 
lengths  difference  Is  large  enough,  an  actual  multlpath  path  signal  gain  will  occur. 
The  vector  diagram  corresponding  to  those  points  of  maximum  slmultaneoue  attenuation 
Is  Illustrated  in  Figure  17. 

The  diagram  of  Figure  17a  corresponds  to  point  x  of  Figure  16,  while  Figute  17b 
corresponds  to  point  (y) . 
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(Vtlrnum  6  9 


(b) 


■  i'lgure  17  -  Vector  Dlagtamt  for  Poor  (a)  and  Optimum  (b)  Frequency  Diversity 


Figure  17a  shows  the  vector  diagram  for  small  values  of  j  9  which  can  cause 
severe  simultaneous  attenuation  while  Figure  4,7b  shows  the  vector  diagram  for  an 
optimum  system,  in  which  multipath  will  actually  produce  a  signal  gain.   From  the 
vector  diagram  it  can  be  seen  that  the  paranater  which  describes  the  maximum 
possible  simultaneous  attenuation  due  to  multipath  is: 

Se  =  360  (Sf)(A) 


and  that  the  optimum  system  performance  is  achieved  when^9  =  180  degrees.  This 
occurs  when: 

<Sft  (A)  s  e  s  9.8  X  108  .  4.9  X  10^  ft/sec 
2       2 

A  typical  curve  of  maximum  simultaneous  attenuation  versus  the  product  ($i)    (/i) 
Is  shown  in  Figure  18.  A  value  of  M  s  .95  was  used  in  constructing  this  graph. 

The  peak  in  this  curve  illustrates  the  optimum  value  of  the  product  of  the  dif- 
ferential frequency  and  the  path  length  difference.  In  practice,  the  value  of  £i 
may  be  expected  to  vary  due  to  various  meteorlogical  conditions.   In  order  to  obtain 
a  truly  optimum  system  in  a  practical  situation,  the  span  of  values  of  A  actually 
•xperleneed  should  be  used  in  calculating  the  optimum  frequency  separation  between 
channels. 

It  can  be  seen  that  the  peak  to  the  curve  is  rather  broad  so  that  the 
reasonable  variations  In  A   due  to  meteorlogical  changes  should  produce  only 
DUMlerate  degradation  of  system  performance. 

An  optloum  systfm,  in  the  multipath  sense,  would  have  a  differential  frequency 
wavelength,  ^li*  n  ,   which  la  twice  the  path  length  difference.  The  path  length 
difference  would  br  calculated  by  taking  the  average  of  the  maximum  and  minimum  path 
length  difference  encountered. 
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Figure  18  -  Maximum  Simultaneous  Attenuation  versus      ^^)    (4!) 
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in  Range  Rate  Difference  Data  While 

Tracking  a  Moving  Target 
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Summary 

Recent  low  elevation  angle  space  missions  have  provided  a  means  of  detecting  random  atmos- 
pheric propagation  noise  in  range  rate  difference  radar  data  while  tracking  a  moving  target. 

The  range  rate  difference  data  noise  increases  as  the  elevation  angle  aiq;)roaohe8  the  horizon. 
The  noise  increases  as  an  approximate  function  of  E  cso^  E  down  to  about  4  degrees  eleva- 
tion and  increases  less  rapidly  below  4  degrees. 


255 


-V 


Introduction  ,  ' 

Data  noises  is  very  significant  while  radar  tracking  a  missile  or  satellite  when  it  is  necessary 
to  make  real  time  corrections.    The  data  processing  equations  must  be  designed  to  make 
timely  and  accurate  computations  in  spite  of  the  noise  on  the  data.    Therefore,  the  character- 
istics of  this  noise  must  be  understood  so  that  the  proper  allowances  can  be  made. 

The  General  Electric  Mod  m  radio  guidance  system  tracked  and  guided  the  launch  vdiicles  of 
the  highly  successful  Mercury  Program.    During  these  and  other  low  elevation  angle  missions, 
propagation  effects  were  noticed  in  the  range  rate  difference*  data.    An  intensive  investigation 
of  these  propagation  effects  is  continuing.    Some  of  the  pertinent  results  of  this  investigation 
are  included  in  this  report. 

This  report  presents  some  of  the  "raw"  radar  data  noise,  suggests  a  curve  fitting  method 
based  upon  mechanism  considerations,  and  attempts  to  determine  the  significance  and  impli- 
cations of  this  curve  fitting. 

Random  Atmospheric  Noise  in  Range  Rate  Differences 

Any  theory  as  to  the  method  of  reducing  the  effects  or  determining  the  cause  of  atmospheric 
propagation  noise  must  take  into  consideration  the  observed  characteristics  of  this  noise. 
Much  data  is  available  on  propagation  effects  while  tracking  a  stationary  target.    However, 
data  showing  propagation  effects  while  tracking  a  moving  target  is  not  widely  published. 
Therefore,  Figure  1  presents  samples  of  propagation  noise  as  observed  in  radar  data  obtained 
during  four  representative  low  elevation  angle  missile  flights. 

A  better  understanding  of  the  information  in  this  report  is  obtained  by  knowing  and  under- 
stsmding  the  terms  and  c<mcepts  used.    These  are  as  follows:   The  noise  on  the  radar  signals 
is  observed  as  noise  in  the  radar  data.    Therefore,  the  noise  analyzed  in  this  report  is  radar 
data  noise.    The  magnitude  of  the  data  noise  is  obtained  by  smoothing  the  raw  radar  data  and 
then  computing  the  standard  deviation  of  the  smoothing  residuals,  using  a  fixed  number  of 
residuals  for  each  computation.    Careful  selection  of  filters  ensures  efficient  removal  of 
noise  without  erroneously  smoothing  out  missile  steering.    The  adequacy  of  these  processes 
has  been  demonstrated  l^  comparing  powered  flight  and  free  flight  noise  estimates.    Although 
more  sophisticated  noise  determination  methods  may  be  developed,  there  is  no  reason  to  be- 
lieve that  these  methods  will  produce  results  which  significantly  differ  from  those  already 
obtained. 

In  Figure  1,  the  radar  data  noise  has  been  plotted  as  a  function  of  elevation  tuigel.    (Elevation 
angle  is  measured  up  from  the  horizon. )   The  decision  to  plot  noise  as  a  function  of  elevation 
angle  results  from  the  consistency  with  which  this  method  can  be  used  to  compare  the  nqise 
of  different  missile  flights.    Often  weapon  system  missile  flights  exceed  the  radar  ranged 
altitude  and  flight  time  of  the  low  elevation  angle  missiixis,  without  random  propagation  noise 
being  observed  in  any  significant  amount.    The  noise  has  been  normalized  by  dividing  by  a 
oonstant  for  fhe  following  reasons: 

1)     differing  radar  sampling  rates,  sampling  duration  and  smoothing  techniques  change 

the  apparent  noise  level, 
2>    the  relative  changes  of  noise  are  more  significant  than  the  absolute  changes,  and 
'  S)     to  avoid  security  problems. 

*  Range  rate  differences  (also  called  lateral  rates)  are  defined  as  the  difference  between  the 
Itne-of-sight  range  rate  observed  at  one  antenna  and  Uie  Une-of-si^t  range  rate  observed 
at  anodier  antenna.    The  second  antenna  is  located  at  some  basis  line  distance  from  the 
first  antenna.  ?  ra 


Tho  crux  of  understanding  propagaticm  noise  while  tracking  a  moving  target  is  appreciation  of 
the  dependence  of  noise  magnitude  upon  elevation  angle.    Determining  this  relationship  and 
interpreting  the  significance  of  this  relationship  is  the  purpose  of  the  remainder  of  this  paper. 

Curve  Fitting  Propagation  Noise  Baaed  on  Mechanism  Considerations 

To  simplify  the  presentation  of  noise  data,  facilitate  generalizations,  permit  extnqpolations, 
and  most  significant,  provide  an  insight  into  the  noise  mechanism,  it  is  necessary  to  deter- 
mine some  analytical  relationsh^  between  noise  and  elevation  angle.    Whereas  the  atmos- 
phere is  the  cause  of  pr<^agation  noise,  it  is  natural  to  determine  various  relationships  of 
the  radar  beam  In  the  atmosphere. 

Figure  2  is  representative  of  the  efforts  to  determine  which  relationship  between  the  radar  beam> 
and  the  atmosphere  better  describes  the  observed  noise.   (To  facilitate  comparisons,  the  data 
has  been  normalized  to  unity  at  10° . )  The  small  ovals  of  Figure  2  represent  the  actual  noise 
values  from  atypical  low  elevation  anglemission.    Two  attempts  were  made  to  fit  this  data. 

.,1 

The  first  attempt  resulted  from  assuming  that  the  noise  is  proiK>rtional  to  the  length  of  the 
radar  beam  in  the  atmosphere.    This  radar  beamlength  would  be  calculated  to  some  effective 
atmospheric  altitude  (A).    If  a  flat  earth  is  assumed,  this  length  of  the  radar  beam  ia  A  esc 
E.    The  normalized  (to  unity  at  10°)  A  esc  E  curve  is  illustrated  in  Figure  2.    The  curve  does 
not  fit  the  actual  noise  values  depicted  in  Figure  2,  therefore,  it  seems  that  the  length  of  the 
beam  in  the  atmosphere  is  not  the  most  significant  propagation  noise  factor. 

The  second  attempt  results  from  assuming  that  the  noise  m  proportional  to  the  horizontal  ve- 
locity of  a  moving  radar  beam  along  some  effective  atmospheric  altitude  A.    If  a  flat  earth  is 
assumed,  this  horizontal  velocity  of  the  radar  beam  is  A  E  csc^'  E  (see  Figure  3  for  *hi3 
derivation).    A  noirmalized  (to  unit  at  10°)  A  E  csc'^  E  curve  is  illustrated  in  Figure  2,  and 
is  depicted  in  Figure  2  by  a  solid  line.    The  curve  does  fit  the  actual  noise  values  depicted  in 
Figure  2,  therefore,  it  seems  that  the  horizontal  velocity  of  the  beam  along  some  effective 
altitude  is  a  significant  prc^agation  noise  factor. 

Figure  2  is  a  somewhat  simplified  presentation.    A  larger  sample  of  data  is  available  from 
each  missile  flight,  and  about  a  dozen  applicable  flights  are  available.    Therefore,  to  better 
verify  this  data  fitting  technique  another  but  more  complete  illustration  has  been  prepared. 
This  new  illustration  presents  the  data  in  a  form  which  enables  a  simpler  check  on  the  validity 
of  E  csc^  E  as  a  noise  model.    If  £  csc^  E  represents  the  rate  of  noise  change,  then  division 
of  the  raw  noise  by  E  csc^  F  should  produce  a  scatter  of  points  which  are  independent  of  ele- 
vation angle  and  is  therefore,  a  noise  model  validity  check.    (For  reasons  previously  men- 
tioned, the  raw  noise  is  normalized  by  dividing  by  a  constant  "K. ") 

Figure  4  presents  the  data  noise  statistics  from  two  flights  after  division  by  K  E  csc*^  E.   The 
resultant  scatter  of  points  is  fairly  independent  of  elevation  angle.    Therefore,  this  indicates 
that  the  noise  model  is  valid. 

However,  as  Figures  5  and  6  indicate,  not  all  low  elevation  angle  missile  flights  can  be  fitted 
this  well.    Tho  top  half  of  Figure  5  presents  the  quotient  of  noise  divided  by  E  c^o^  E.    This 
quotient  increases  as  £  decreases  (until  about  4  degrees).    This  indicates  that  a  power  of 
CSC  E  higher  than  2  might  be  used  to  produce  a  scatter  of  points  fairly  independent  of  eleva- 
tion angles.    Figure  6  presents  a  case  where  division  by  £  csc^  E  seems  to  overcompensate 
the  dependence  on  elevation  angle  and,  therefore,  the  resultant  decreases  as  E  decreases. 
This  suggests  a  power  of  esc  E  less  than  2  might  be  used  to  produce  a  scatter  of  points  fairly 
independent  of  E.    Fitting  the  data  to  a  variable  powered  esc  E  term  would  produce  a  scatter 
of  points  independent  of  E  in  most  of  the  cases.    However,  it  is  more  difficult  to  imagine  a 
noise  niechanlsm  based  iqxm  a  variable  powered  esc  E.    Also,  the  discrepancy  is  not  as  bad 
as  one  might  first  assume.   The  nolae  model  of  C  has  a  spread  of  a  ftotor  of  about  3  from 
minimum  to  maximum  whereas  the  noise  data  has  a  much  larger  spread  of  a  factor  of  about 
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25.    Likewise,  the  noise  model  of  D  has  a  spread  of  a  factor  of  2,  but  the  data  noise  has  a 
greater  spread  of  a  factor  of  4  from  niinimum  to  maximum.    Thus,  a  considerable  reduction 
in  spread  has  been  achieved  by  vising  E  csc^  E,  and  a  closer  fit  by  using  a  variable  power 
CSC  E  is  not  a  necessity. 

Interpretation  of  the  Curve  Fit 

Generalizations  and  extrapolations  can  be  made  from  the  curves  which  are  fit  to  the,  observed 
noise.    However,  these  generalizations  and  extrapolations  must  be  qualified.    If  A  E  csc^  E 
does  represent  the  horizontal  beam  velocity  which,   in  turn,   represents  the  noise  mechan- 
ism, then  it  is  necessary  to  determine  the  conditions  under  which  A  E  csc^  E  Is  valid. 

If  E  Is  zero,  then  the  equation  Implies  that  no  propagation  noise  is  to  be  expected.    However, 
extensive  work  by  the  National  Bureau  of  Standards  in  tracking  stationary  targets  indicates 
that  this  is  not  true.    This  apparent  discrepancy  is  probably  the  result  of  the  "stationary 
target"  noise  being  insignificant  in  comparison  with  equipment  noise  and  "moving  target"  noise. 

The  equation  A  E  csc^  E  Is  derived  for  a  flat  earth  and  goes  to  Infinity  when  £  goes  to  0  de- 
gree.   This  equation  Is,  therefore,  inaccurate  at  low  elevation  angles  and  should  be  replaced 
by  an  equation  derived  for  a  spherical  earth.    The  horizontal  (arc)  velocity  of  a  radar  beam 
along  layers  around  a  si^ierical  earth  Is  given  by: 


horz.  vel.     =    E  (R  +  A) 


R  sinE 


(R 


*  A,  Vl   -(£^) 


where: 


R  =  earth  radius 

A  =  altitude  of  the  effective  atmosphere 

E  =  elevation  angle  of  target,  i^}  from  horizon 

E  =  elevation  angle  rate 

Figure  7  Illustrates  the  divergence  of  flat  earth  effects  (the  csc^  E  curve)  from  spherical 
earth  effects  (the  curves  which  are  a  function  of  A  and  E).    This  effect  of  noise  Increasing 
less  rapidly  than  csc^  E  (as  E  decreases)  has  been  observed.    From  Figure  5,  comparisons 
can  be  made  of  the  effects  of  assimiing  a  flat  earth  with  the  effects  of  assuming  a  spherical 
earth.    Below  4  degrees  for  a  flat  earth  (in  Figure  5),  the  csc^  E  Increases  much  more 
rapidly  than  the  magnitude  of  the  data  noise.    By  assmning  a  spherical  earth  and  an  effective 
atmospheric  altitude  of  21, 500  feet  (suggested  by  analysis  of  radiosonde  information),  the 
divergence  of  the  values  at  the  low  elevation  angles  is  significantly  reduced. 

Conclusions 


Atmospherl;  phenomoia  cause  noise  in  range  rate  difference  radars  which'  Increases  as  a 
function  of  E  csc^  E  down  to  4  degrees  elevation  angle,  and  more  slowly  below  4  degrees. 

The  magnitude  of  phase  noise  in  range  rate  difference  radars  can  be  estimated  by  knowing 
the  missile  trajectory.  '  >■ 

Once  atmospheric  noise  ia  detected  and  measured  by  a  radar,  its  magnitude  at  still  lower 
elevation  angles  can  be  estimated. 
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Figure  2 
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OPTICAL  SYSTEAAS  FOR  MEASURING  POSITION  IN  SPACE 

Ronald  R.  Wiiley 
Instrument  Corporation  of  Florida 
Melbourne,  Florida 


Summary 

There  exist  certain  distinct  advantages  in  accuracy  and  economy  in  the  use  of  systems  to  measure 
vehicle  position  which  operate  at  optical  wavelengths.    The  positions  measured  are  usually  of 
critical  importance  to  the  success  of  a  space  mission. 

There  ore  several  types  of  navigational  and  tracking  systems  which  produce  data  in  an  im- 
mediately usable  form.    Such  "real  time"  systems,  however,  sacrifice  some  relative  accuracy  to 
gain  speed  of  data  availability. 

Stellar  metric  camera  systems  presently  offer  the  most  accurate  means  of  determining  position 
in  space;    however,  there  is  an  unavoidable  time  delay  in  reducing  the  data  to  a  usable  form. 

There  is  room  for  significant  improvement  in  the  errors  of  presently  used  stellar  metric  cameras, 
particularly  in  the  geometrical  optical  characteristics  of  the  lenses  in  both  design  and  fabrication. 
The  usefulness  of  such  cameras  can  be  extended  by  daylight  use  with  the  proper  designs  and  tech- 
niques.   Lunar-based  cameras  should  also  offer  several  advantages  over  Earth-based  systems,  but 
only  at  a  high  price. 

Recent  developments  in  optical  design  techniques  using  high  speed  digital  computers  have 
brought  f(|r  greater  sophistication  and  economy  than  hod  previously  been  possible.    Vastly  im- 
proved new  optical  designs  are  just  waiting  to  be  executed  for  application  to  the  problems'of 
Measuring  Positions  in  Space. 

Introduction 

One  of  the  major  factors  effecting  the  success  or  failure  of  missions  in  space  is  the  determin- 
ation of  position  as  a  function  of  time.  To  navigate,  it  is  necessary  to  know  the  position  of  the 
vehicle  at  a  given  time.  From  position  as  a  function  of  time  it  is  then  possible  to  determine  the 
velocity  and  acceleration  components  of  the  vehicle's  travel. 

When  one  contemplotes  navigation  in  space,  it  becomes  imperative  that  measurements  of 
position  be  made  by  beams  of  electromagnetic  radiation  using  either  active  or  passive  systems. 
When  one  further  contemplates  navigation  at  some  distance  from  other  bodies  in  space,  active 
electromagnetic  systems  such  as  radar  and  opdor  become  impractical  due  to  power  requirements. 
One  finds  also  that  the  shorter  the  wavelength  of  radiation  used  in  observation,  the  smaller  the 
instrumentation  can  be  for  a  given  accuracy.    This  area  of  technology  is  what  is  referred  to  as 
diffraction  effects  in  optics  or  beam  or  lobe  pattern  in  microwave  propagation. 

What  ore  some  of  the  positions  in  space  which  are  of  interest?  Let  us  first  concern  ourselves 
with  the  navigation  of  a  vehicle  from  one  planet  to  another  or  from  a  planet  to  a  satellite  of 
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some  planet.    At  least  three  different  measurements  are  generally  required  to  determine  the 
position  of  the  vehicle  within  the  solar  system.    These  measurements  must  include  as  a  reference 
two  sightings  on  bodies  of  known  position  within  the  solar  system,  such  as  the  sun,  a  plani^,  or 
a  satellite  of  one  of  the  planets.    The  best  solar  system  reference  is  usually  the  one  nearest  at 
hand.    It  is  not  our  intention  to  discuss  the  geometry  of  the  problem  beyond  what  is  necessary 
to  identify  the  types  of  measurements  to  be  made.    Another  class  of  positions  of  interest  are 
geodetic  positions  of  the  surface  features  of  various  bodies  and  the  actual  trajectories  of  bodies 
influenced  by  the  forces  of  these  bodies.    At  least  two  applications  of  this  latter  class  of 
positiom  are  of  importance:    one  is  the  calibration  of  various  measuring  instrumentation;  another 
is  the  determination  of  geophysical  characteristics  of  the  major  bodies  of  influence.    These 
various  applications  hove  been  described  elsewhere. 

Depending  on  the  application,  one  may  need  to  know  the  positional  information  almost  im- 
mediately, i.e.,  in  "real  time",  or  one  may  be  able  to  wait  some  reasonable  length  of  time  for 
documentary  positional  information.    The  question  of,"is  the  data  available  in  "real  time"?", 
is  a  matter  of  degree;    no  data  is  usable  at  the  instant  that  it  occurs.    However,  there  are 
generally  two  widely  different  classes  of  data  when  we  consider  the  time  between  the  event  and 
the  availability  of  the  data  concerning  the  event,    the  "real  time"  class  of  data  system  is  limited 
primarily  by  electronic  response  time,  whereas,  the  other  class  of  data  system  is  limited  by  human 
and  mechanical  response  time  in  reducing  the  data  to  a  usable  form.    Radar  and  opdar  are  ex- 
amples of  "real  time"  systems  while  ballistic  and  geodetic  cameras  are  examples  of  "non-real 
time"  systems. 

The  "real  time"  optical  systems  ore  generally  required  when  it  is  desired  or  necessary  to  guide 
the  vehicle  on  the  basis  of  optical  data.    However,  due  to  the  usual  sacrifices  required  in  the 
precision  of  "real  time"  systems,  photogrammetric  techniques  of  documentation  are  usually  used 
for  precise  calibration  of  real  time  optical  and  electronic  position  sensing  systems. 

Real  Time  Systems 

Navigation  Systems 

There  ore  many  navigational  optical  systems  in  existence  or  under  development  today.  There 
are  several  ways  that  these  con  be  classed.  We  shall  divide  these  systems  into  tracking  and  off- 
boresight  classes,  and  this  class  we  will  divide  into  sequential  arul  simultaneous  sighting  types. 

Many  systems  exist  which  track  on  an  object  such  as  a  star  and  readings  of  angle  from  some 
reference  ore  made  which  assume  that  the  system  is  pointing  exactly  at  the  object.    There  ore 
a  few  systems,  one  of  which  we  will  describe  in  some  detail,  which  ore  capable  of  reading  the 
position  of  the  object  anywhere  within  a  field  of  view  (usually  of  a  few  degrees  in  size). 
Members  of  the  latter  class  ore  off-boresight  systems.  \ 

Most  systems  take  a  sighting  on  an  object  and  measure  the  object's  coordirrates  in  some 
reference  system,  usually  inertial.    Sightings  on  various  objects  are  taken  successively  and  the 
relation  of  the  object  coordinate  system  to  the  coordinate  system  of  the  navigation  system  con 
.'be  computed.    Such  a  system  must  take  its  sightings  sequentially  and  refer  to  a  "fixed"  coordinate 
system.    Another  type  of  device  which  con  be  used  would  have  two  sighting  devices  which 
simultaneously  observe  two  objects  and  measure  the  angle  between  them.    The  angle  between 
two  objects  is. determined  simultaneously  but  one  must  read  the  angle  between  other  pairs  of 
objects  sequentially.    If  the  system  has  three  sighting  devices  and  can  measure  the  angle 
between  each,  three  objects  can  be  sighted  simultaneously  and  position  can  be  determined 
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continuously,  in  "raoi  time"  so  to  spedc.   Ail  the  navigational  systems  except  this  lost 
"BISECTOR"  method  require  a  significant  time  lag  for  the  successive  sightings  which  ore 
required  and  therefore  are  somewhat  short  of  being  truly  "real-time"  systems. 

Dug! -Field  Spoce  Sextant 

We  would  like  to  describe  here  the  optics  of  one  navigational  system  which  we  have  designed 
and  built.   The  system  is  designed  to  be  used  in  an  off-boresight»  sequential  mode  of  operation. 
The  instrument  has  been  referred  to  as  a  "Dual-Field  Space  Sextant"/  but  the  term  sextant  is 
actually  not  as  appropriate  in  this  cose  as  it  would  be  for  the  simultaneous  two  sighting  system 
described  above.   This  system  has  been  described  elsewhere^  in  great  detail.    The  first  model 
(mo  figure  1)  consisted  of  o  telescope  having  a  two-degree  field  of  view  ond  an  optical  system 
with  a  165-degree,  iivide-out,  quosi-stigmatic  field-of-view,  which  were  axial  ly  concentric 
and  integrated  to  be  mutually  non-obscuring  and  confbcol. 

The  wide  field  system  was  designed  to  look  at  planetary  disks  at  close  distances  for  deter- 
mination of  local  vertical  and  stodiometric  ranging.   The  field  of  view  was  turrted  "inside-out" 
to  cause  the  image  of  the  horizon  of  a  planetary  disk  to  shrink  from  the  edge  of  the  format  to- 
ward the  center  as  the  planet  is  approached  and  the  horizon  subtends  a  larger  angle.   The 
black  sky  background  appears  in  the  center  of  the  field.   The  "inside-out"  field  of  view, 
therefore,  allows  the  center  of  the  receiver,  a  vidicon  or  orthocon  television  tube,  which  has 
higher  resolution  than  the  edges  to  ho  utilized  when  the  stodiometric  ranging  and  locol  vertical 
determinqtions  ore  most  critical  at  very  close  approoch,  to  the  planet.   The  utilization  of  the 
best  resolution  portion  of  the  receiver  at  the  most  critical  phases  of  navigation  is  the  only 
motivation  for  the  "inside-out"  optical  system. 

The  basic  system  chosen  to  satisfy  the  wide  field  requirements  consists  primarily  of  o  toroidal 
element  which  resembles  the  bell  of  a  horn.    Figure  2  shows  the  wide-field  system  schematically. 
The  horn  element  serves  almost  exclusively  as  a  device  to  produce  the  desired  inside-out  field 
distortion  and  appropriate  angular  expansion  of  the  annular  field.   The  flat  mirror,  the  negative 
ochromot,  and  the  positive  achromat  in  the  wide-field  system  serve  only  to  transfer  the  image 
to  the  focal  plane  with  appropriate  magnification.   The  effective  focal  length  of  this  total 
system  is  approximately  three-tenths  of  an  inch. 

L^t  us  consider  what  a  field  of  view  would  oppeor  to  be  when  turned  iraide-out.   Figure  3 
shows  diogramatically  a  potential  field  of  view  and  what  that  field  of  view  would  appear  to  be 
when  seen  through  the  inside-out  optical  system.    If  one  wos  to  position  this  system  with  its 
CDcis  pointed  at  the  horizon,  and  observe  a  vehicle  traveling  down  o  highway  in  front  of  the 
instrument,  the  vehicle  would  appear  to  start  from  the  center  of  the  format  as  it  appeared  at 
the  extreme  edge  of  the  field  of  view  in  actuality,  and  travel  toward  the  edge  of  the  format 
at  which  point  it  would  disappear  and  reappear  at  the  apposite  edge,  travel  toward  the  center 
and  disappear  at  the  center  as  it  actually  disappeared  from  the  field  of  view  on  the  real 
horison. 

The  narrow  field  of  view  optics  is  essentially  a  telescope  with  o  small  field  of  view.    The 
receiver  is  a  television  vidicon  tube  or  image  orthocon.    Functionally,  the  narrow  field  system 
of  view  is  dictated  by  the  usable  diameter  of  the  photo-octive  surface  of  the  imcqe  tube  and 
the  number  of  elements  or  lines  which  can  be  resolved  in  this  diameter.    If,  for  exon^le,  an 
angular  rHolution  of  orie  second  of  arc  is  desired,  the  field  of  view  when  imaged  on  the 
photo-octive  surfoc*  of  the  image  tube  must  not  subtend  more  seconds  of  ore  than  the  number 
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of  resolvable  lines.    The  aperture's  real  diameter  must  also  be  large  enough  so  that  the  limit  of 
angular  resolution  imposed  by  diffraction  is  less  than  that  imposed  by  the  image-tube  resolution. 
For  a  selected  image  tube  and  brightness  of  the  dimmest  star  of  interest,  the  effective  aperture 
of  the  system  necessary  to  give  the  desired  signal-to-noise  ratio  can  be  determined.   Con- 
sideration of  the  space  sextant  application  requirements  emphasises  the  desirability  of  the  shortest 
folded  system  functiortolly  practical. 

The  specific  optical  system  chosen  for  the  first  model  produced  was  that  of  the  Schmdt^aue- 
grain  form  of  telescope.    Figure  4  is  a  scale  drawing  of  the  combined  optical  systems  including 
the  Schmidt-Cassegrain  System  and  the  wide  field  optical  system.    The  design  of  this  system  was 
carried  out  entirely,  except  for  slideruie  calculations,  on  the  IBM  7090  Computer,  and  much  of 
the  optimization  was  done  by  a  semi-automatic  lens  design  program.    Figure  5  shows  the  feasi- 
bility model  of  this  design  which  was  fabricated.    Figure  6  shows  a  second  instrnment  which  has 
been  produced  with  slightly  different  specifications  such  cat   a  one  degree  field  of  view  at 
higher  resolution;   and  on  inside-out  optical  system  with  a  smaller  dead  space  in  the  center  of 
the  format.    The  second  model  has  a  functioning  mechanical  change-over  system  from  one  field 
of  view  to  the  other.    One  of  the  objectives  of  this  design  is  to  allow  changing  from  one  field 
of  view  to  the  other  without  the  movement  of  any  optical  component.   This  feature  should  reduce 
any  danger  of  misalignments  in  the  course  of  field  changeovers.    In  the  second  model,  the 
change-over  is  accomplished  by  sliding  a  baffle  tube  down  from  the  focal  plane  to  obstruct  the 
beam  coming  from  the  telescope  primary  mirror  to  the  secondary  mirror.    As  this  tube  reaches 
the  end  of  its  travel,  it  activates  a  shutter  mechanism  within  the  wide  field  system  to  open  these 
optics  and  allow  light  from  the  wide  field  system  to  reach  the  focal  plane  while  the  narrow  field 
system  is  obstructed.    A  simple  one  quarter  turn  of  a  crank  shaft  accomplishes  this  in  practice. 
Figure  7  is  a  photograph  of  the  second  model  produced  which  has  on  outside  diameter  of  6  inches* 
It  will  be  noted  in  Figure  6  that  the  second  model  is  not  a  Schmidt-Cassegrain  System  but  more 
nearly  resembles  the  Moksutov-Cossegrain  System,    in  actuality,  however,  the  system  is  neither 
a  Schmidt  nor  a  Moksutov  System  but  intermediate  between  the  two  with  a  curved  corrector  as 
in  the  Maksutov  but  with  heavy  aspheric  figuring  as  with  the  Schmidt  corrector.   We  have,, 
therefore,  chosen  to  coll  this  system  a  Maksutov-Schmidt  Cossegrain  design. 

Real-Time  Tracker 

There  exists  a  desire  in  the  missile  field  and  in  some  other  applications  for  a  real-time  tracking 
optical  system  of  the  theodolite  type.    Photographic-recording  theodolites  hove  the  disadvantage 
of  the  time  required  to  reduce  the  data.    Electronic  or  radar-type  tracking  systems  hove  the  disad- 
vantage that  the  wave-lengths  used  ore  long  and  therefore  the  resolution  is  inherently  low.    One 
of  the  few  existing  real-time  trackers  with  which  we  have  some  familiarity  by  virtue  of  designing 
the  optical  system  may  be  considered  to  be  equivalent  to  a  passive  radar  system  operatirtg  at 
very  much  shorter  wavelengths  or  higher  frequencies.   The  actual  aperture  of  this  system  is  6  inches. 
The  absolute  tracking  accuracy  of  this  system  is  expected  to  be  less  than  10  seconds  of  arc.    The 
resolution  of  this  system  on  the  other  hand,  is  anticipated  to  be  a  few  seconds  of  arc.    The  problem 
in  the  optical  design  of  this  system  was  not  particularly  one  of  image  quality  for  the  field  of  view 
is  essentially  a  very  few  minutes  of  arc.   The  design  problem  here  was  one  of  trying  to  optimize 
the  various  opto-mechanical  parameters  of  the  system  to  reduce  bore-sight  drift  to  a  minimum 
under  the  conditions  of  the  thermal  environment  anticipated.    The  actual  optical  system  was  a 
simple  Cossegrain  telescope,  but  the  relative  magnifications  used  and  the  positions  of  the 
element  were  studied  in  great  detail  to  minimize  the  bore-sight  drift.   The  focal  length  of  the 
system  was  200  inches.   The  design  study  consisted  primarily  of  considerirtg  the  effects  of  tilt*. 
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and  decentrations  of  the  various  elements  of  the  system  with  respect  to  their  effect  on  the  bore- 
sight  of  the  s/stem.    In  this  case,  the  tilts  and  decentrations  anticipated  were  not  of  a  magnitude 
to  significantly  effect  the  image  quality  of  the  system.    This  characteristic  is  essentially  similar 
to  the  stellar-geodetic  cameras  that  we  will  describe  subsequently.    Real-time  tracking  theo- 
dolites of  this  type  and  other  types  have  distinct  advantages  when  data  is  required  immediately. 
However,  they  contain  Inherent  difficulties  mechanically,  electronically,  and  optically  that 
cause  a  reduction  in  the  precision  and  accuracy  of  these  systems  as  compared  to  some  of  the 
photogrammetric  methods  to  be  described  next. 

Stellar  Metric  Cameras 

Ballistic  Cameras 

The  type  of  ballistic  cameras  to  which  we  refer  are  essentially  photogrammetric  or  aerial 
cameras  pointed  at  the  sky.    In  the  most  accurate  application  of  such  cameras,  a  background  of 
stars  is  photographed  and  the  vehicle  of  interest  passes  through  the  field  of  view  emitting  or 
reflecting  light  of  its  own  or  of  a  beacon  attached  to  it,  and  the  stars  and  the  beacon  are 
photographed  with  appropriate  shuttering  sequences  to  identify  the  times  at  which  the  stars  and 
the  vehicle  were  at  given  positions.    The  procedures  used  are  essentially  similar  to  the  pro- 
cedures of  ostrometry  used  for  many  years  by  astronomers  determining  the  positions  of  various 
stars  and  various  celestial  bodies  passing  across  a  background  of  stars.    Astronomers,  however, 
have  very  long  focal  length  instruments  and  ordinarily  track  the  star  background.    In  ballistic 
camera  work,  the  cameras  are  fixed  with  respect  to  the  earth  on  most  applications  and  the  trails 
of  stars  are  recorded  on  the  photographic  plates  with  time  breaks  for  identification  of  position 
as  a  function  of  time.    Most  of  the  early  work  with  ballistic  cameras  was  done  with  very  short 
focal  lengths  of  from  100  to  200  mm.    This  afforded  a  wide  angular  coverage  when  a  standard 
photographic  plate  was  used,  and  this  had  definite  advantages  in  the  work  with  short  range 
missiles  and  aircraft.    However,  the  severe  limitations  of  positional  accuracy  due  to  the  short 
focal  length  or  small  scale  ratio  resulting  therefrom  have  mdde  it  desirable  in  many  applications 
to  have  longer  focal  length  systems.    The  Atlantic  Missile  Range  at  the  present  time  has  systems 
of  300,  600,  and  1000  mm  focal  lengfhs  for  this  reason.    The  Instrument  Corporation  of  Florida 
is  quite  intimately  familiar  with  this  instrumentation  since  we  have  built  the  1000  mm  cameras 
and  have  also  produced  600  mm  and  shorter  focal  length  cameras. 

■  o 

Brown^  has  shown  the  error  budget  for  the  PC  1000  cameras  as  they  exist  today  under  normal 

conditions.    Figure  8  shows  a  table  of  the  various  errors  taken  after  the  work  of  Brown  with  our 
own  additions.    The  figures  to  note  at  this  moment  are  that  under  normal  conditions  today  the 
orientation  of  the  camera  is  known  with  an  error  of  less  than  one  arc  second  and  that  under  the 
improvements  that  are  being  made  daily,  it  is  anticipated  that  within  a  short  time,  approxi- 
mately .6  arc  seconds  accuracy  can  be  obtained.    The  determination  of  the  direction  of  flashes 
from  a  beacon,  such  as  the  ANNA  satellite,  con  be  made  to  essentially  equivalent  accuracy. 
Figure  9  and  Figure  10  show  an  operating  1000  mm  Camera  System  inside  a  dome  with  a  radial 
louver  shutter.    This  particular  shutter  was  developed  by  the  Instrument  Coiporation  of  Florida 
and  is  capable  of  a  chopping  sequence  at  a  maximum  rate  of  55  chops  per  second  with  a  transfer 
time  from  close  to  open  or  vice  versa  of  ff  milliseconds  and  a  shutter  position  pick-off  for 
precise  measurement  of  the  actual  times  of  the  opening  and  closing.    The  electronics  associated 
with  the  systems  for  timing  and  shutter  actuation  are  not  shown  in  the  figures. 

Geodetic  Cameras 


Ballistic  cameras  can  be  applied  to  the  measurement  of  position  of  orbiting  satellites  or  flqres 
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•)cplodad  at  high  altitudes.    If  a  network  of  three  or  more  cameras  at  known  positions  on  the 
wiface  of  the  earth  can  determine  the  accurate  positions  with  respect  to  the  network  of  the 
flares  or  satellites  at  a  given  time,  cameras  at  other  sites  whose  positions  ore  not  accurately 
known  can  be  accurately  located  by  resection.    This  is  essentially  the  same  procedure  used  at 
the  known  sites  to  locate  the  satellite  except  that  in  the  latter  case  we  know  the  position  of 
the  satellite  or  flares  and  we  determine  the  position  of  the  camera  by  photogro^hing  the  satellite 
against  a  star  backgrourtd.   These  procedures  can  determine  with  extreme  accuracy  the  positions 
of  points  on  the  surface  of  the  earth.   When  sufficient  numbers  of  accurate  positions  have  been 
determined,  it  then  becomes  possible  to  determine  the  precise  orbits  of  various  bodies,  satellites, 
etc.,  that  encircle  the  earth.    From  the  perturbations  of  these  orbits,  it  is  possible  to  determirte 
various  other  geodetic  data  such  as  mass  distribution  of  the. earth,  atmosphere  density  at  high 
attitudes,  etc.  '^.>. 

Future  Improvem^nti  of  Geodetic  and  Ballistic  Cameras  < 

Referring  to  the  table  in  Figure  8,  we  have  indicated  the  possible  improvements  which  can  be 
expected  with  an  earth-based  1000  mm  focal  length  camera  in  the  near  future.   One  major  im- 
provement being  worked  on  at  the  present  time  is  the  reduction  of  star  catalog  errors.    Another 
error  which  is  being  attached  from  both  the  analytical  and  the  fabrication  point  of  view  is  the 
residual  tangential  distortion  of  lens  systems.   Most  of  the  other  errors  contributing  to  the  error 
budget  can  be  reduced  by  small  amounts  through  improved  equipment  and  techniques. 

We  also  show  in  Figure  8  the  anticlpoted  error  budget  from  a  2000  mm  land-based  geodetic 
camera  ortd  this  is  expected  to  have  about  one  half  the  error  of  a  1000  mm  camera. 

Another  area  of  future  improvement  in  the  use  of  geodetic  and  ballistic  cameras  is  being 
pursued  at  the  present  time  and  this  is|||9Sage  of  stellar  geodetic  cameras.    It  can  be  shown  that 
the  relative  merit  of  various  cameras  with  respect  to  producing  high  contrast  images  of  point 
sources  against  a  continuous  sky  background  is  directly  proportional  to  the  square  of  the  focal 
length.   It  is  at  first  surprising  that  the  contrast  is  not  also  a  function  of  the  aperture.    This 
indicates  then  that  a  1000  mm  camera  would  have  relative  contrast  eleven  times  greater  than  a    . 
300  mm  camera  when  photographing  the  same  object  under  the  some  conditions.   Because  of  the 
fourth  power  law  of  scattering  in  the  blue  sky,  it  is  fairly  obvious  that  it  is  necessary  to  work  in 
the  longest  wave  length  region  possible,  and  that  would  be  the  red  or  near  infrared  region  of. 
the  spectrum.    The  limitations  placed  on  the  focal  length  which  con  be  used  ore  primarily  duf 
to  the  field  of  view  desired  ornJ  the  format  which  con  be  used,  the  startdacd  ballistic  camera 
plate  format  at  the  present  time  being  about  180  mm  square.    This  gives,  for  exonple,  a  afield 
of  view  of  10*  by  10"  at  1000  mm  focal  length.    At  2000  mm,  this  would  be  cut  to  about  5*  by 
5*  square.    Various  daylight  systems  currently  are  under  study  including  laser  source  systems 
and  other  optical  beacons  to  be  placed  on  the  vehicle  to  be  tracked. 

Another  vast  new  area  in  the  field  of  geodetic  cameras  may  be  opened  up  by  taking  cameras 
outside  of  the  earth's  shimmering  sea  of  atmosphere.    In  determining -the' direction  of  flashes  from 
a  strobe  satellite  such  as  ANNA,  the  largest  error  is  introduced  by  the  high  frequency  atmos- 
■  pheric  shimmer  as  we  have  shown  in  Figure  8.    Another  error  contributed  by  the  atmosphere  is 
residual  paraloctic  refraction  error.   Simply  by  removing  these  two  factors,  it  is  possible  to 
improve  the  accuracy  and  determination  of  the  flashes  on  the  ord^  of  60%.    Lunar  based 
geodetic  cameras  or  ballistic  coineras  may  shown  great  potentiaf  because  of  the  unlimited 
weather  conditions,  peipetuol  n|ght  sky,  and  slow  diurnial  rate.    It  is  not  inconceivable  that 
such  cameras  would  be  useful  in  the  guidance  of  vehicles  in  inter-^lonetary  space  because  of 
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their  extended  range  of  usefulness  and  the  very  high  angular  resolution  obtainable.   Such  systems 
will  probably  be  of  great  focal  length  and  approach  very  closely  the  more  classical  application  of 
astrometry.    Lunar-based  cameras,  however,  are  confronted  with  several  rather  formidable  prob- 
lems such  as  radiation,  heat,  cold,  and  high  energy  particles  which  would  tend  to  expose  the 
plate  unless  very  careful  shielding  is  done.    There  would  have  to  be  a  rather  complete  lunarr 
based  timing  and  communication  system  to  determine  time  from  astonomical  constants.    The 
photographic  plates  would  have  to  be  maintained  at  some  temperature  at  which  they  ore  useful. 
The  cameras  would  hove  to  be  protected  from  the  effects  of  meteorites  and  there  is  apt  to  be 
operator's  problems  in  that  the  clumsiness  of  probable  protective  clothing  for  the  human  will  not 
allow  precise  work  and  he  would  hove  trouble  viewing  through  conventional  finder  telescopes. 
Complete  plate  development  and  plate  reduction  facilities  will  have  to  exist  on  the  moon  for  the  , 
data  to  be  practically  useful.    It  is  clear  that  automation  would  have  to  be  used  extensively  to 
make  a  lunar  geodetic  camera  station  functional . 

Stellar  geodetic  cameras  would  be  quite  useful  in  determining  details  of  the  lunar  surface 
positions,  shape,  and  mass  distribution  as  they  would  be  determined  on  the  earth.    In  fact, 
photogrammetry  and  stereo  photogrammetry  would  seem  to  be  the  only  reasonable  first  approach 
to  a  general  survey  of  the  moon.    If  the  moon  were  1/4  the  diameter  of  the  earth,  the  surface 
therefore  would  be  only  1/16  that  of  the  earth.    However,  photogrammetrists  only  have  1/4 
of  the  earth's  surface  in  land  to  be  measured.    This  means  that  the  lunar  surface  consists  of 
about  1/4  the  land  area  of  the  earth  and  photogrammetrists  know  how  many  man-hours  it  has 
taken  to  arrive  at  our  present  state  of  geographic  knowledge  of  the  earth,  and  they  further 
know  how  slow  the  rate  of  progress  was  before  the  advent  of  photogrammetry  when  only  the 
conventional  theodolite  survey  was  performed. 

Lunar  photogrammetry  is  a  vast  new  world  which  has  only  become  of  interest  to  many  in  the     < 
past  decade.    The  most  thoroughly  distributed  publication  in  the  field  today  is  probably  the  Air 
Force's  Lunar  Chart  series  available  from  the  Government  Printing  Office.    The  scale  is  the  some 
OS  that  of  the  World  Aeronautical  Charts  and  the  price  is  only  twice  that  of  a  WAC. 

Optical  Design 

The  instruments  used  in  photogrammetry  including.stellor  geodetic  and  ballistic  cameras  de- 
pend very  heavily  on  the  quality  of  the  optical  design  of  the  system  and  its  execution  by 
fabrication.    There  hove  been  many  advances  in  the  post  decade  in  the  field  of  optical  design 
which  should  allow  considerable  improvement  in  the  various  photogrammetric  instruments. 
However,  very  limited  use  has  been  made,  to  date,  of  these  advances. 

One  area  of  advance  has  been  promoted  by  the  advent  of  the  high-speed,  high-capacity 
digital  computer.    The  pioneering  work  of  Dr.  James  Baker  in  the  era  containing  the  Second 
World  War  would  have  mode  unbelievable  strides  if  performed  on  the  computers  available  today. 
The  computers  of  today  offer  tremendous  economy  in  both  time  and  money  to  the  design  of  optical 
systems.    Whereas  relatively  simple  photographic  lenses  would  take  years  to  design  in  the  past, 
much  more  complex  designs  can  now  be  achieved  in  months  or  even  weeks.    Semi-automatic 
design  programs  bove  been  developed  which  take  almost  all  of  the  burden  from  the  designer  and 
allow  him  to  think  only  the  most  penetrating  thoughts  required  for  the  optical  design  and  not  be 
bothered  with  mundane  and  tiresome  tasks.    Although  all  these  programs  ore  still  in  the  very 
early  stages  of  development,  they  ore  already  proving  to  be  invaluable  tools,  and  the  organization 
which  attempts  to  pursue  this  business  without  such  capabilities  is  sure  to  find  that  its  designs  ore 
not  competitive  in  either  price  or  quality.    Another  advantage  of  the  computer  era  of  lens  design 
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is  that  much  more  thorough  work  con  be  done  in  the  optimization  of  designs  and  fnany  more 
factors  con  be  practically  included  in  the  design  rather  than  considered  by  only  a  cursory 
inspection. 

Another  major  area  of  improvement  is  that  of  optical  materials  both  for  refraction  as  in 
glasses  and  other  transparent  media  and  reflection  as  in  metallic  mirrors  and  other  types  of 
mirrors.    One  should  also  comment  on  the  advances  in  coating  technology  for  high  reflection, 
anti -reflection,  and  spectrally  selective  coatings  for  filters.    Not  only  have  there  been  im- 
provements in  the  available  materials  and  material  processing  techniques,  but  also  there  have 
been  very  significant  improvements  in  the  methods  of  selecting  appropriate  materials  for  color 
correction.    Hertzberger^  and  others^  have  made  great  strides  in  developing  the  selection 
techniques.    It  has  been  shown  that  using  only  refracting  elements  it  is  possible  to  design  lenses 
which  would  not  be  detectably  different  from  mirrors  with  respect  to  color  correction.    Color 
correction  has  been  one  of  the  most  serious  faults  of  stellar  geodetic  systems.  We  have  done 
extensive  theoretical  and  experimental  investigations  in  this  area  recently  to  show  the  extent 
to  which  these  difficulties  exist.    The  useful  spectral  range  of  even  the  best  stellar  geodetic 
systems  is  only  from  1000  to  1500  Angstroms  wide.    However,  the  sensitivity  of  the  plates 
used  is  more  than  3000  Angstroms  wide  and  in  the  night  operation  of  stellar  geodetic  cameras 
there  is  no  difficulty  with  the  blue  sky  background.    It  should  therefore  be  possible  to  use  all 
of  the  visible  spectrum  and  perhaps  some  of  the  radiation  in  the  near  ultra-violet  and  infrared 
to  advantage.    If  this  were  accomplished,  a  given  aperture  would  collect  on  the  order  of  two 
to  three  times  as  much  usable  energy  and  therefore  be  more  than  one  f-stop  faster  than  present 
systems  at  the  some  aperture.   This  is  definitely  one  of  the  fertile  areas  which  should  be  pursued 
next  in  the  field  of  stellar  geodetic  cameras. 

The  new  techniques  have,  of  course,  hod  considerable  advantage  in  the  development  of  olT 
types  of  optical  systems.    Navigational  systems  and  real-time  tracking  systems  have  benefited 
f^om  these  new  techniques  somewhat  already.    The  two  dual  field  star  trackers  described  earlier 
were  designed  exclusively  on  high-speed  digital  computers  and  much  of  the  optimization  was 
done  by  semi-automatic  lens  design  programs.    The  two  systems  described  also  included  4  and  2 
aspheric  surfaces  respectively.    Such  surfaces  are  very  difficult  to  design  and  evaluate  by  other 
than  digital  computation^.    The  two  systems  described  were  designed  in  their  entirety,  including 
the  telescopic  and  inside-out  optical  system,  in  less  than  one  hour  of  computer  time  per  system. 
The  time  between  conception  of  the  system  and  the  final  detailed  working  design  was  only  a  few 
weeks,  although  we  must  admit  that  these  were  designed  on  an  "as  soon  as  possible"  basis.. 

The  techniques  and  tools  of  the  optical  design  field  and  the  optical  industry  in  general  are 
ready  to  provide  the  instrumentation  necessary  for  all  of  the  many  far-rea4ing  programs  in  the 
measurement  of  positions  in  space,  such  as  navigation,  tracking,  photogrammetry,  and  geodesy. 
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Figure  1.    DUAL  FIELD  SPACE  SEXTANT 
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Figure  3.  Space  Sextant  Monitor  Display  of  Field  of  View 
as  seen  by  Image  Tube  Tlirough  the  Wide  Field. 
System 
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Figure  5.    COMBINED  OPTICAL  SYSTEM  ASSEMBLY 
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Figure  7.    SECOND  MODEL  ASSEMBLY 
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Qie  Atlantic  Missile  Itaage  (AMR)  anut  provlds  the  geodatle  position  of  nlsslls 
ijqpacts  far  guidance  aai.  re-exxtry  evaluation  testing.     Inpaot  location  can  be 
deteminBa  relative  to  underwater  hydrophones  or  transponders  by  tlae  correlated 
distance  awasuroDents.    The  true  geodetic  position  of  these  hydrophones  or  trans- 
ponders mat  be  applied  to  this  relative  data  to  obtain  the  geodetic  position  of 
impact. 

Hm  geodetic  position  of  naxiy  of  the  hydrophones  and  transponders  used  at  the 
AMR  are  greatly  In  error.     ConseijuenUy,  geodetic  position  lopact  detezalnatlons 
are  also  greatly  In  error. 

Initially,  the  geodetic  position  of  a  calibration  ship  Is  nssded  to  detezalne 
the  geodetic  position  of  the  hydrophones  or  tzansponders.    Ihls  Is  done  by  apply- 
ing the  gso^^lc  position  of  the  ship  to  the  ship's  position  relative  to  the 
hydrosfaoines  or  transponders,     nils  can  be  found  quite  accurately  by  aeasurlng 
the  difference  In  tine  required  for  a  sound  nave  to  travel  to  several  different 
hydrophosies  or  transponders.     Accurate  geodetic  positioning  of  the  ship  Is  a 
■ore  difficult  problen,  especially  lAien  the  ship  Is  far  at  sea. 

Accurately  positioned  hydrophones  and  transponders  could  also  be  used  for  geodetic 
posltlojilng  of  Instrunented  ships  vhlch  track  olsslles,  satellites  or  space  vehi- 
cles.    ISiey  would  also  serve  as  reference  points  to  ceiLlbrate  navigation  equlp- 
nent  and  could  be  used  In  conjunction  vlth  ocean  botton  survsys.     If  extended 
across  oceans,  they  would  pexnlt  Intracontlnental  geodetic  ties. 

Ships  In  broad  ocean  axeas  can  not  be  adequately  positioned  to  neet  Puk  "hetds  by 
such  navigational  systsns  as  dpppler,  Loran  or  inertial  navigators  aided  by  stair 
tracking.  ISiese  systans  satisfy  ship  navigation  standards,  but  they  do  not  neet 
the  Bore  stringent  needs  of  geodesy. 

The  Ihortogrametric  Ocean  Survey  Equipment  (POSE)  program  was  initiated  to  help 
solve  this  problflOB.     Stellar  oriented  cameras  have  long  been  \ised  at  the  AMR  as 
the  accuracy  standard  for  calibration  of  orther  instrumentation  systsns.     Recently, 
these  cameras  have  been  used  for  accurate  geodetic  positioning  of  land-based 
tracking  Instruments.     Mr.  Duane  Brovn,  >ftille  with  RCA  at  the  AMR,  hypothesized 
that  one  of  these  cameras  could  serve  equally  well  on  a  ship  if  the  effect  of 
ship's  motion  could  be  overccoe.     Mr.  R.  Sterling  and  Mr.  N.  Vcmce  of  the  U.  S. 
Navy  Oceanographlc  Office  (USNOO)  became  Interested  in  the  technique,  as  did  the 
author.     The  USNOO  obtained  a  surplus  two-axis  gyrostabllized  platform,  fotaerly 
intended  for  aerial  photography.     The  platf om  was  modified  to  aocoBiodate  a  K-37 
aerial  camera  euad  eocperlaents  wez>e  made  with  the  mount  at  the  Pacific  Missile 
Range.     Mr.  R.  Drake,  Project  Officer  for  Missile  Lq^act  Location  Systons  at  the 
AMR  became  interested  in  this  effort  and  suggested  a  Joint  project,  using  the 
USHOO  platf ozm  and  AMR  balUstic  camera  equlpoent  and  f aicllities  for  conducting 
controlled  equipment  evaluation  tests.     The  purpose  of  this  report  is  to  describe 
the  testing  of  this  equipnent,  the  results  obtained  and  future  efforts  planned. 
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TB8T  EqjiaffiaiT 


ThB  decision  vas  made  to  cooduct  Joint  tests  using  the  USNOO  stable  platfom  and 
the  AMR  camera  eqixlpnent.  The  Navy  platfozn,  built  by  Aeroflex  Laboratortes  Inc. 
and  designated  ART-13>  Is  a  two-axis^  one  gyro  mount  pezmlttlng  stabilization  in 
roll  and  pitch,  but  not  In  azljnuth.  ^e  platf  ozm  Is  lljnlted  to  roUL  and  pitch 
anqplitudes  of  pltis/nlnus  7^.  Stability  of  the  platf  onn  Is  reported  to  be  1  to  2 
arc  minutes.  It  Is  stabilized  by  torquers,  responding  to  signals  from  the  gyro- 
scope sensors.  The  platf  ozm  baa  been  modified  to  permit  plus/minus  3°  Induced 
drift  In  both  roll  and  pitch.  The  reason  for  this  Is  to  permit  a  gradual  rotation 
of  the  camex«  optic  axis  during  operations,  resulting  in  spreading  the  stellar 
images  ecroae  the  photographic  plate  as  a  continuous  treuse.  Induced  drift  rates 
varying  from  0.01  to  0.10  degrees  per  second  can  be  used. 

The  AMR  made  avedlable  a  HLld  X-k,   210  mm  focal  length,  F  l(-.2  camera  for  use 
vLth  the  ART-13  platfoxm.  An  adapter  was  made  for  mounting  the  BC~k  camera  on 
the  Navy  platform  and  the  entire  assembly  vas  balanced.  The  camera  can  be  rotated 
360°  in  azimuth  and  wIjLL  elevate  from  0°  to  90°.  A  driver  unit  operates  the  cam- 
era shutter  with  a  preprogrammed,  time  correlated  tone  signal. 

The  camera  -  stable  platform  combination  is  attached  to  a  low  vibration  frame 
eeisily  installed  on  a  ship. 


TEST  METHODS 


Phase  I  -  Perf ozmance  Tests 


Phase  I  consisted  of  hardware  performance  tests.  The  gyro  stabilized  camera  was 
installed  on  a  roll  and  pitch  simulator,  rented  from  Aeroflex  Laboratories  Inc. 
The  simulator  was  caused  to  roll  and  pitch  at  varying  amplitudes  vqp  to  plus/minus 
k°.     Roll  and  pitch  fireguencies  were  vajried  up  to  0.8  per  second. 

Oliere  was  no  provision  for  yaw  motions.  The  stable  platform  cGiq)ensated  for  the 
simulator  motions,  and  in  addition,  was  torqued  in  either  roll  or  pitch  to  induce 
a  drift  that  would  cause  the  camera  to  sweep.  Drift  rates  varied  from  0.01  to 
0.0^0  per  second;  camera  exposure  times  varied  from  0.2  to  3.^  seconds;  exposure 
intervals  varied  from  1  to  5  seconds.  The  full  F  li-.2  aperture  was  used  for  each 
e3cposure.  A  tabulation  of  operating  conditions  during  certain  Phase  I  tests  is 
shown  in  Table  1. 

The   objective  of  Fbase   I  testing  was:  l)  to  eussure  proper  physical  operation  of 
the  gyro-stabilized  camera,  and  2)  to  detezmine  the  best  combination  of  caaen 
drift  rate,  drift  direction,  exposure  time  and  exposure  interval  that  would  pro- 
duce qptlnum  star  Images  on  the  photographic  plate.  A  0.028°  per  secoxtd  drift 
rate  when  combined  with  a  O.^t-  second  exposure  time  and  a  3  oz*  'f  second  expoB\ire 
Interval  produced  best  results  with  the  BC~k,   210  nm  focal  length  camera  at  full 
apertiu^e.  Discrete,  drcvilar  images  varying  from  Uo  to  120  microns  in  diameter 
were  formed  during  the  shutter-open  period,  depending  on  the  magnit\ide  of  the 
star  recorded.  lHae  lt~  second  Interval  between  exposvires  prevented  Image  cmr- 
lapplng.  The  direction  of  induced  drift  was  not  a  critical  fauitor  for  image 
recording.  However,  accurate  balancing  of  the  system  is  essential. 
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Drift  rate,  flocposure  tine,  exposux*  Interval  and  aperture  nust  be  closely  con- 
trolled to  olxtaln  mftxlman  data  on  the  photographic  plate.  If  the  drift  rate  is 
too  great  the  stare  are  swept  across  the  emulsion  too  rapidly.  In  this  ease, 
only  six  to  elc^t  very  hrlc^t  stars  are  photographically  recorded.  !Diese  star 
Ijuiges  are  used  to  convute  the  camera  orientation  versus  time.  At  least  20 
stars  afcm  desired  for  adequate  redundancy  in  the  least  squares  ccnqputatlon  of 
camera  orientation.  If  the  drift  rate  is  too  slov  the  images  viU  tend  to  over- 
lap or  become  too  large.  If  the  exposure  time  is  extended,  the  Images  beeosM 
elongated  and  too  large,  making  cos^arator  measursnent  difficult.  Nhen  the 
exposure  interval  is  too  short,  the  images  tend  to  overli^.  Long  esqposure  inter- 
vals result  in  less  data  and  reduces  the  accurcM^y  of  the  least  squares  conqputa- 
tion.  Poor  balancing  of  the  systom  causes  slurring  of  the  images.  Thus,  a 
precise  cosibination  of  all  factors  is  necessary  for  best  results. 

Scne  mention  of  what  appears  to  be  noxnal  gyro-camera  images  is  appropriate. 
Because  of  ijopoxtect  roll  and  pitch  conpensation,  residual  motions  of  the  camera 
occur,  giving  the  interrupted  stellar  traces  a  sine  wave  appearance.  !lhe  ampli- 
tude and  freqiiency  of  these  sine  wave  traces  depend  iqpon  the  nature  of  the  roU 
and  pitch,  the  q^iality  of  stable  platform  conqpensation  and  the  degree  to  lAiich 
the  system  is  balanced.  The  vave  length  is  primarily  dependent  on  the  induced 
drift  rate.  With  ideal  roll  and  pitch  caqtensation  the  interrupted  star  traces 
vould  appear  as  nearly  strai^t  lines.  ()aality  data,  however,  ecu  be  extracted 
from  the  sinusoidal  traces. 

B   Phase  II  -  Simulator  Tests 

In  Riase  H  tests,  the  gyro-stabilized  camera  vas  used  to  determine  geodetic 
position.  During  these  tests  the  gyro-stabilized  camera  was  installed  on  the 
simulator  which  was  mounted  aver  a  geodetic  triangulation  marker  at  Oape  Kennedy. 
The  gyro-stabilized  camera  along  with  five  fixed  stellar-oriented  cameras  ob- 
served a  strobe  li^t  mounted  on  a  C-I31  aixaratt  flying  over  Cqpe  Ksmiedy  at  an 
altitude  of  18,000  ft.  The  test  configuration  is  shown  in  Fig.  1. 

Two  separate  tests  were  run  on  31  August  1962.  However,  only  one  (Test  Ro.  ^59^-2) 
psrovided  usable  data.  !Qie  operating  conditions  and  raw  data  obtcdned  were  as 
follows: 

1.    Aircraft 

a)  Altitude  »  18,000  ft 

b)  Air  Speed  =  180  kts 
CJ  Course                  «=          SW  to  NB 

d)  Strobe  flash  rate         >         1  Pulse  per  2  seconds 


2.    Ctyro-Stabilized  Camera 

a)  Look  Angle  -  Azimuth  -  199° 

b)  Look  Angle  -  Elevation  <■          ^^ 

c)  Focal  Length  »  210  an 

d)  F  Stop  s  I1-.2 

ei    Drift  rate  •  0.028°  per  second 

f )  Drift  direction  «  Pitch  (H  to  S) 

g)  Exposure  time  m  0,k  second 
h)    Exposure  interval  ■     m      .  3.0  seconds 
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Fig.  3 

SKETCH  OF  GYROCAMERA  PHOTCXJRAPHIC  PLATE  WITH 

POCHl  STABIUZATION  AND  NO  INDUCED  DRIFT 
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Star  traces  (gyro-canera) 
UaoTMrt  Images  par  star  trace 

(gyro-caaara) 
Oat*  points  (gyro-canera) 
Timing 
Us^her  data 


25 
20 

£0 

1  llsec  accuracy 

as  required 


for  this  test,  the  five  fixed  cameras  cperated  : ;.  normal  mode,  lirvolvlng  a  pre- 
paragraaned  shutter  function  for  pre-  eind  post"Star  calibration  to  obtain  camera 
OKleintatlon  data.     Strobe  flash  ohaervB^A  ont.  were  made  vlth  the  shutter  open. 
Bta  gyro-stabilized  camera  was  operated  Vj.  o.  different  mode  with  an  automatic 
tlas-shutter  function  progx«m.     This  program  generates  a  control  signal  which 
qpens  and  closes  the  gyro-camera  ctiubter  and  actuates  the  strobe  light.     The 
I  miasm  shutter  vas  opened  for  0.^  seconds  at  3-8econd  intexvalu  no  t^iat  the  mid- 
dle of  the  exposure  period  occurred  on  the  second.     The  utrobe  f  Isished  on  tue 
second.     With  this  routine,  the  gyro-camera  recorded  every  third  strobe  flash  at 
the  Kiddle  of  the  esqKssure  period  (see  Fig.  2).     Fig.  3  shove  how  the  photographic 
plate  would  have  appeared  vith  poor  stabili  z^ation  and  no  iaduced  drift. 

I^peelal  coding  of  the  gyro-camera  r.nutter  f\mction  was  prograamed  into  the  signal 
sequence  to  pexmlt  time  correlation  cT  data  vlthin  the  gyro-canera  and  betveen 
the  gyro-canera  and  the  f.'ixed  cameras.     This  was  done  at  the  middle  of  the  obser- 
TStion  period  by  opening  the  gyro-camera  shutter  long  enough  to  record  two  consec- 
utive strobe  flashes.     This  procedure  pen&itted  excellent  correlation  of  the 
flesh  and  star  calibration  images  on  the  gyre-camera  plate,  but  presented  some 
difficulty  In  time  correlation  betveen  the  gyro-canera  and  the  fixed  cameras. 
Ihe  procedure  vas  modified  slightly  in  subsequent  tests  and  will  be  discussed 
under  the  Phase  III  testing. 

After  the  photographic  plates  were  developed,  previewed  and  read  on  the  conqparator, 
the  plate  coordinates,  along  with  camera  calibration  data,  timing,   weather  and 
survsy  Isfoxmatlon  were  entered  iirto  the  KCA  "Ballistic  Camera  -  Space  Resection" 
conputer  program  for  detennlnation  of  the  geodetic  position  of  the  gyro-stabilized 
oeaera.     In  this  solution  the  geodetic  position  of  the  fixed  stellar  cameras  were 
entered  as  known  quantities,  since  they  had  oeen  previously  located  by  accviratc 
field  surveys.     Die  error  in  photogrammetric  triemgulation  to  the  flash  images  were 
coosldared.     Briefly,  the  solution  involvee  a,  detennlnation  of  the  orientation  of 
the  optical  axes  of  the  fixed  stellar  cameran.     This  is  done  by  defining  the  direc- 
tion of  the  position  vectors  of  the  recorded  stars  in  image  space  with  respect  to 
the  direction  of  the  known  star  positions  in  object  space.     Using  this  data  and 
the  Image  coordinates  of  the  strobe  fleishes  from  all  five  fixed  cameras,  each  flash 
point  can  be  triangulated  to  obtain  its  spatial  position.     With  the  spatial  posi- 
tion, the  coordinates  of  the  gyro-camera  flash  image  and  the  orientation  of  the 
gyro-camera  known,  the  geodetic  position  of  the  gyro-camera  can  be  deteimined  for 
each  flash  image  recorded. 

Bty  virtue  of  the  enduced  drift,  the  gyro-canera  orientation  is  continually  chang- 
ing as  a  function  of  tine,  ^ereas  the  fixed  cameras  have  but  one  orientation. 
Accordingly,  each  group  of  stellar  images  recorded  by  the  gyro-canera  during  an 
exposure  period  is  used  to  determine  a  specific  camera  orientation  that  applies 
to  the  flash  image  fomed  during  the  sane  e:q>osu]:e  period.     Ihis  explains  the 
reason  for  synchronizing  the  strobe  flash  to  the  center  of  the  exposure  period. 
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Obexv  iB  one  main  pitfall  with  this  technique  vhlch  bo  fear  has  not  apfeared 
detrlneiital.  That  la,  one  cannot  be  absolutely  sure  that  the  ccBfruted  gyro- 
camera  orientation  Is  ccnpletely  valid  at  the  Instant  of  the  strobe  flash.  If, 
In  fact,  the  strobe  does  flash  at  exactly  the  middle  of  the  escpsoure  period, 
and  If  the  corresponding  stellar  images  are  symnetrlcal  vlth  respect  to  time 
(unlfoocm  drift  rate)  then  the  technique  is  valid.  If  this  is  not  the  ceme, 
some  extrapolation  is  required  to  satisfy  the  simultaneity  condition  for  the 
stellar  emd  flash  images.  Ttxla  problem  can  be  avoided  by  such  technique  as 
observation  of  a  passive  satellite.  In  this  case,  simultaneity  is  achieved 
by  exposing  the  stars  and  the  satellite  for  an  equal  period  of  time. 

An  aoalysis  of  the  simulator  test  results  has  been  made.  The  results  show  the 
Circular  Probable  Error  (CEB)  of  the  coiQnited  position  of  the  gyro-stabilized 
camera  to  be  better  than  1.22  ft.  This  result  vas  much  better  than  had  been  ex- 
pected vlth  the  eqvilpinent  used.  Tiie   encouraging  resxilts  of  the  simulator  test 
increased  interest  in  testing  the  equipment  aboard  ship.  Of  primary  concern  in 
ship  testing  is  the  added  effect  of  ship's  yav  on  geodetic  position  cuscuracy  and 
the  effect  of  wave  action  on  photographic  Image  recording. 

C    Phase  III  -  Ship  Testing 

Ihe  test  configuration  for  Phase  HI  is  shorn  in  Fig.  k.     During  these  tests  the 
gyro-stabilized  camera  was  mounted  on  a  deck  near  the  stem  of  the  AMR  instrumen- 
tation ship  Twin  Falls  Victory.  This  camera,  along  with  five  fixed  stellar  cam- 
eras, observed  a  strobe  light  mounted  on  a  B-37  aircraft  flying  a  prescribed 
pattern  at  U0,000  ft  altitude. 

Six  separate  tests  were  run  on  22  April  1963,  however,  only  two  (Tests  2S^0-kf3) 
yielded  enou^  data  to  provide  a  solution.  The  operating  conditions  and  raw  data 
obtained  were  as  follows: 

1.    Aircraft  Run '«'  Run  5 


a)  Altitude  1«),000  ft  l»O,000  ft 

b)  Air  speed  1(00  kts  400  kts 

c)  Course  0°  225° 


;! 


■i    d)     Strobe  Flash  Rate  one  SPS  one  PES 

2.  Ship 

a)  Speed  1«- kts  U- kts 

b)  Course  (approx.)  168°  l68° 

3.  Weather 

a)  Sea  state  1  to  2  1  to  2 

b)  Wind  direction  180°  180 

c)  Wind  velocity  12  kts  12  kts 

d)  Visibility  clear        v  dear 

k.        Land-Beised  Camereis  " 

a)  Quantity  (stellar)  5  5 

b)  Focal  length  ( stellar)  2  -  210  an  -2  -  210  mm 

3  -  300  im,  3  -  300  am 

c)  Qaastlty  (clnetheodolites)  k  h 


,tif. 
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6. 


gyro-Stablll»«d 


a)  Look  aagla  -  AsimdAi    ' 

t)  Look  taaglm  -  lUnroibloD 

e)  Foeal  Langth 

d)  F  stop 

•)  Brlft  B«t« 

t)  Brtft  Siractlon 

g)  Xtas  of  obMarratloB 

(MI) 

h)  IxpoBure  SIjn 

l)  Ixpcsura  Inbaxval 

Beeorded  Data 


a) 
b) 

c) 

4) 

•) 

f) 

h) 
l) 

i) 


""*~r*"^ 


Usoraat  iaams  par 
star  trace  (gyro- 
Data  Points  (gyro- 
Fixed  oaoMoras  (steUar. 
3  -  300  an,  2-  210  m) 
Clnethaodolltes 

TirnLng 

Weathar 

Ship  Lorae  Record 

Ship  attitude  reeocd 

Ship  speed  record 


Bun  k 

yuS9 

63° 

210m 

k.2 

0.028°  par  second 

MLl  ^W) 

2802.5 

oA  second 
k,0  seconds 


17 
29 


Bun  5 

ZLOaa 
h,2 
0.028° 
Flt«h  (ImI) 
«306 

0,k  seeond 
hmO  secoadt 


Ik 

29 


17  l£ 

Ck)od  at»r  and  flaab  Images 

2  vlth  dial  reafllngn  ai>d  piboto  inages. 

2  vlth  dial  readings  only 

1  Msec  accuracy 

as  required 

poor  poor 

n/A  V/A 


During  these  tests,  the  Twin  FauLLs  Victory  sailed  on  a  course  dateimLned  'by  Lorao . 
navigation  or  by  radar  track  fran  Cape  Kennedy.  At  the  aaae  tloe,  the  B-57  air- 
craft vas  vectored  over  a  given  oouxae  by  Caqpe  radar.  A  knonleclge  of  the  aircraft 
position  as  iiell  as  the  ship's  position  and  heading  versus  tljsa  was  essential  to 
assure  proper  look  angle  pointing  of  the  gyro-caiBsra.  A  contlnoous  ll^t  source, 
placed  on  the  nast  of  the  ship,  served  as  the  target  for  dnetheodollt^B*  observa- 
tions. The  puxpose  of  the  clnetheodollte  observations  vas  to  locate  the  ship 
accurately  and  continuously  during  a  stellar  caaera  observation  period.  The  ship 
position  thus  obtained  served  as  the  standard  against  Vhlch  the  ecnputed  gyro- 
camera  position  at  the  ship  Vas  to  be  conpaared. 

Before  the  test,  the  time  for  starting  ^ro-camera  observations  vas  based  on  ship's 
position  lAilch  facilitated  the  setting  of  look  angles  Into  the  gyro-oamera.  In 
practice,  hovever,  this  vas  unsatisfactory.  The  aircraft  could  not  be  aaaaumed 
Into  position  at  the  proper  tlae  to  assure  that  the  strobe  flashes  veuld  occur  at 
the  correct  place  In  the  gyro-csawra  field  of  vlev. 


Therefore,  the  time  of  gyro-ooMra  observations  vas  jve-aart  on  the  basis  of  the 
anticipated  position  of  the  alrexmft.  qawe-cwwra  look  angles  vere  then  baaed  on 
the  expected  position  and  heading  of  the  ship  at  the  Inbendad  time  of  obsemractien. 


29S 


A  aodlfltd  Battaod  of  coding  vm  uMd  to  obtain  star  and  flash  laaga  tliia  corrala- 
tlon  of  tbm  gyro-caamn  data  axid  b«twB«n  tha  gyro-  and  fixed  atellar  caneraa. 
«Lth  tills  saquanee  a  Mrlaa  of  dlscraat  star  UMges  of  nsarly  aqual  sise  for 
•aeh  star  t^iacs  aad  srenly  spacad  flash  laages  art  f oonofad  on  the  canera  plate. 
At  the  alddle  of  (he  segueiKse,  one  gyro-camera  exposure  Is  Increased  to  2,k  sec- 
QoSs.     During  this  2."^  second  exposure,  three  strobe  flashes  would  noocmally 
occur  at  the  1  pps  flash  rate.     However,  the  middle  flash  of  this  3-flash  groiQ> 
was  deleted,     dus,  ooe  elongate  star  lasge  Is  f  ozned  and  tvo  closely  spaced 
flash  lasges  are  recorded.     Tb.«  deleted  flash  which  is  notably  absent  on  both 
the  gyro-camsra  and  the  fixed  stellar  camera  plates,  pezmits  tine  ccorrelation 
betwaen  oaaeras.     de  elongate  star  image  permits  tine  correlation  of  the  star 
and  flash  iaages  on  the  gyro-caaera  plate.     !I!he  gyro-camera  jthotographic  plates 
for  this  test  are  similar  to  that  shown  in  Fig.  2. 


Die  ship  test  was  conducted  under  good  weather  conditions.     TSoIb  was  both  an 
adnuitage  aikd  a  disadvantage,     de  relatively  calm  aea  state  reduced  the  ship 
roll,  pitch  and  yav  motions  to  a  low  level.     !Qie  gyro-camera  could  conpensate  for 
these  notions  rather  easily,  and  resulted  in  the  recording  of  good  reduceable  data. 
More  pronounced  wave  action  would  have  provided  a  better  test  of  the  system, 
especially  the  effect  of  yav  which  cannot  be  coB9>ensated  for  by  the  stable  plat- 

fCCCB. 


9m  stellar  caaexa  dsta  frcn  these  tests  were  also  reduced  by  the  "Space  Besection" 
cosputer  prograa  to  obtain  ship's  position.     Tba  cinetheodollte  data  was  ireduced 
ssparately  to  obtain  lie^  souz>ce  position  on  the  ship  at  one  second  intervals, 
en  the  second.     Ihe  plan  was  to  correct  for  the  difference  in  position  of  the  gyro- 
sod  the  cinetheodollte  target  by  ccaibinlng  their  physical  separation  aboard 


alhlp  aad  the  ship's  attittide  data.     Since  the  ship's  attitiide  data  was  not  re- 
eoorded,  the  error  analysis  could  not  be  done  on  a  position  basis. 


A  good  analysis  can  be  effected  by  ccaq^arlng  the  cGoputed  sepanctlon  of  the  gyro- 
UB— rw.  aad  dnatheodolite  target  with  the  sams  separation,  as  deteznlned  by 
aoonrete  theodolite  survey  when  the  ship  was  in  port.     The  separation,  as  shown 
In  the  theodolite  surv«y,  was  159*872  ft,  and  was  considered  the  measured  standard 
foar  ccaparlson  purposes.    Cie  average  ccBputed  separation  for  the  tvo  tests  was 
161.7^  ft.     ISm  cc^TUted  siqparatian  was  found  by  differencing  the  ccnputed  co- 
osdlnetes  of  the  gyro-eaBscra  and  the  cinetheodollte  target  for  each  flash  image 
geoorded.    Oie  aean  error  of  the  seperatlon  was  1.886  ft.    Sis  coablned  circular 
loraibeble  error  (GFE)  of  the  two  runs  was  2.06  ft.    mis  Indicates  that  a  ship  can 
be  looated  to  s  2.06  ft  aeeunuqr  (^0  percent  circular  proMblllty)  under  these  test 
ceodltloBs.    Om  result  is  considered  quite  good. 

OoMlder  rougjily  ttoa^  this  aeeuraey  represents  when  bbserrlng  a  satellite  of  known 
position  att  a  slant  range  of  1000  ns.    During  the  Riase  III  tosts,  the  average  dls- 
taneo  tf  the  aircraft  strobe  light  fron  the  gyro-oaMexa  was  lt8,800  feet  and  the 
CaS  «€  positioning  the  gyro-canera  was  2.06  feet.    !Diis  carrMponOs  to  an  angular 
fqweor  vhooe  taaaenr  Is  2.06/li8,600  feet  or  eppraadmBtely  8.^  aroseeonas.    Satellite 
pMitien  can  be^steamnad  to  an  aeeuraey  of  plns/nimui  50  feat  or  b«tt«r  by  slm- 
■ItaBfSoas  otMeoETations  with  stellar  oriented  oaaagras.    Itaklag  the  uaeertalnty  of 
tlM  Mtellito  poeitioo,  and  the  at^tolar  ocToar  of  the  fljrn  raaeia  and  other  factors 
ijibo  aoeoat,  loeation  of  a  ihip  to  a  CR  of  300  feet  or  better  wdoUL  be  possible 
^8am  egHlj— irt-  aad  tedhniqaas  used  aad  vaBar  the  iwatliar  ooodltioas  ^««**^"g  the 
m  taata. 


IH 


OHBBAnOBAL  MPHCDa 


Tour  qpcratlonal  targvti  oan  b«  uaed  to  datcmliMi  ship's  position  vlth  tha  gyro- 
osBsira.  Surgvt  salMtlon  d^pands  on  tha  location  of  tha  ship  to  ba  positlooad. 
If  It  Is  ralJctlTSly  dosa  to  land,  axloraft  targats  aay  sufflca.  If  far  at  saa, 
BlssUa,  aotlra  or  passlra  satalllta  targats  can  ba  usad.  Orbital  obsanratlon 
vlth  a  slngla  gyro-caaara  raprasants  tha  slaplast  and  nost  dlract  aathod  of 
dataxmolng  ship's  position,  however,  the  orbital  position  of  the  target  aust 
be  wbU  defined*  Tarn  slaniltaneous  method  of  observation  Is  presently  tha  aoat 
accurate  and  reliable  for  iOfft  bM^* 


Soae  oentlon  should  be  aada  coneamlng  ships  position  and  hov  It  oan  be  trans- 
ferred to  hydrophones  and  transponders  for  a  peiaanent  ocean  bottoB  r«f erenoe. 
Since  the  ship  Is  usually  In  notion,  a  different  position  vUl  be  detendned  for 
each  target  Ijnsge  recorded.  ALl  these  positions  oust  be  used  In  a  leaatsqiaares 
solution  ittilch  will  be  better  than  any  one  of  the  Individual  positions  detenslned. 
Oils  can  ba  dona  by  coxxelatlng  ship's  position  aw  established  by  the  gjrro-c 


vlth  the  ship's  position  relative  to  the  transpooders  as  detemlned  by  transponder 
Interrogation.  Qy  equating  tha  dhange  rate  of  ships  position,  found  by  the  gyro- 
casMora,  to  the  rate  of  change  obtained  trca  transpondur  Interrogation,  a  set  of 
equations  can  be  derived  for  least  squares  dstezBlnatlon  of  transpoodar  position. 
Observational  data  fron  aeveral  passes  of  the  target  vlll  pexnlt  better  statlstloal 
adjustaant,  thus  nora  aoeurate  transponder  positioning. 


m\ 
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SOLAR  ENERGY  CONVERSION  BY  THERMAL  DESTRUCTION 
OF  SUPERCCHJDUCTIVITY 


"**  .    C.  D.  Schwebel 

Meclumical  Systems  Engineer 

Martin  Company  -  Canaveral  Division 

Cocoa  Beach,  Florida 


Summary 

A  method  is  proposed  for  converting  solar  radiation  directly  to  electrical 
energy  in  space  by  utilizing  the  change  of  state  of  a  superconductor,    ^paratus 
is  described  whereby  intermittent  exposure  to  a  concentrated  beam  of  solar 
radiation  causes  a  magnetic  shield  to  fluctuate  between  the  superconductive  state 
(zero  permeability)  and  the  normal  state  (unity  permeability)  with  resultant  flux 
changes  converted  to  electrical  energy  by  conventional  induction  methods. 

A  thermal  embodiment  of  Lenz's  law,  akin  to  the  back  torque  of  a  conven- 
tional generator  or  the  counter  current  in  the  primary  of  a  transformer,  is 
postulated.    Such  a  reaction  is  demanded  by  energy  conservation  principles, 
althou^  in  the  present  case  it  can  be  exerted  only  against  an  input  of  purely 
thermal  energy. 

In  a  heat  engine  working  between  heat  quantities  represented  by  intercepted 
solar  flux  at  the  upper  limit  and  the  black  cold  of  space  at  the  lower  limit,  a 
ttieoretical  thermal  efficiency  in  excess  of  99%  is  possible.    In  order  to  realize 
this  phenomenal  efficiency  in  a  heat  engine  with  a  radiator  of  practical  size,  a 
closed  compound  cycle  is  proposed  in  which  a  portion  of  the  power  output  is  used 
to  drive  a  refrigerator.    By  compounding  the  cycle  the  net  thermal  efficiency  is 
reduced  but  the  effectiveness  of  the  system  remains  unchanged,  provided  only 
that  a  part  of  the  output  of  the  converter  be  utilized  in  the  cooling  of  other 
cry6genic  devices  such  as  superconductive  delay  lines,  lasers,  IR  sensors  etc. , 
the  balance  being  available  for  general  purposes.    The  heat  extracted  from  all 
cryogenic  equipment,  including  the  converter  itself,  can  then  be  radiated  away 
at  a  temperature  high  enou^  to  benefit  from  the  fourth  power  law. 

A  practical  form  of  the  converter  is  described,  with  particular  reference 
to  the  problem  oi.  eddy-current  losses,  wliich  are  unusually  severe  at  very  low 
temperatures. 

Introduction  t 

Superconductivity  has  many  potential  applications  in  space  technology. 
Long  regarded  as  remote  and  forbidden  territory,  the  superconductive  state  is 
now  being  investigated  routinely  in  many  laboratories.    From  these  investigations 
have  come  some  remaxkable  devices:  the  cryotron,  a  tiny  ultra-fast  computer 
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element;  the  superconductive  electromagnet,  capable  of  producing  fields  of 
hundreds  of  thousands  of  gauss  in  a  magnet  weighing  pounds  instead  of  tons;  the 
superconductive  delay  line  which  operates  without  loss,  and  the  frictlonless  gyro 
bearing  spinning  on  a  reflected  magnetic  field.    In  addition,  many  components 
such  as  IR  sensors,  lasers  and  masers  benefit  from  the  low  temperatures  asso- 
ciated with  superconductivity. 

In  space,  where  intense  heat  and  intense  cold  co-exist,  we  could  now  make 
good  use  of  lylaxwell's  Demon  in  separating  galactic  radiation  from  solar  radia- 
tion by  degree  of  attenuation.    Lacking  such  fanciful  means  we  must  resort  to 
brute  force  oigineering  to  effect  a  separation.    The  advantages  of  sustained 
cryogenic  temperatures  in  space  are  nevertheless  so  conq>elling  that  efforts  are 
presently  being  made  to  develop  a  flyable  helium  liquifier.    Machinery  of  this 
kind,  however,  imposes  an  inordinate  demand  upon  the  already  hard-pressed 
electrical  generating  systems  now  in  use  or  in  immediate  prospect.    A  refriger- 
ator is  basically  a  heat  engine  run  backward.    If  it  is  powered  by  another  heat 
engine  operating  in  the  conventional  30%  area,  very  little  backfield  is  left.    This 
is  especially  true  if  the  generator  is  also  expected  to  furnish  electrical  power 
for  general  purposes.    But  if  it  were  possible  to  endow  the  primary  system  with 
a  thermal  efficiency  in  the  neighborhood  of  90%,  the  refrigerator  could  run  back 
up  the  scale,  pay  dividends  in  the  form  of  cooling,  and  leave  the  primarv  system 
at  a  point  where  conventional  conversion  methods  expect  to  begin.    It  is  the 
purpose  of  this  presentation  to  outline  one  'hiethod  by  vMch  an  answer  to  this 
problem  in  cryogenics  may  be  found  within  the  realm  of  cryogenics  itSeU . 

Magnetic  Properties  of  a  Superconductor 

A  superconductor  posesses  unique  magneto-thermal  properties  which  may 
be  applied  to  the  purposes  of  energy  conversion.    In  fact,  heat  and  magnetism  are 
80  closely  related  in  the  change  of  state  of  a  superconductor  that  their  interaction 
has  been  the  subject  of  extensive  treatment  in  the  literature.    For  example,  it 
has  been  found  that  a  latent  heat  of  transition  accompanies  the  change  of  state  of 
a  superconductor  in  the  presence  of  an  external  magnetic  field;  latent  heat  effects 
are  totally  lacking  when  the  transition  occurs  in  the  absence  of  an  applied  field. 
Since  magnetism  is  directly  related  to  electricity,  it  follows  that  a  triple  play  is 
theoretically  possible:  heat  to  magnetism  to  electricity,  all  within  k  solid  state 
medium.    It  is  true  that  classical  experiments  in  superconductivity  performed 
with  free  magnetic  fields  involve  only  minute  quantities  of  energy.    But  we  are  not 
going  to  concern  ourselves  with  magnetic  fields  linked  to  nothing  more  demanding 
than  the  quiet  air  of  a  laboratory.    All  that  is  needed  to  produce  a  highly  reactive 
magnetic  field  is  simply  to  put  it  to  work.    The  energy  involved  in  the  manipula- 
tion of  a  working  magnetic  field  is  worthy  of  attention  from  the  standpoint  of 
energy  conversion  even  though  its  rowdy  behavior  may  have  caused  it  to  be 
banished  from  the  laboratory. 

The  property  of  a  superconductor  which  appears  to  lend  itself  most  readily 
to  the  purpose  of  energy  conversion  is  that  of  zero  magnetic  permeability.    When 
a  magnetic  field  is  applied  to  a  superconductor  an  electric  current  is  induced  at 
the  surface  of  the  metal.    The  induced! current  encounters  no  resistance  and 
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hence  continues  to  flow  even  after  a  state  of  magnetic  equilibrium  is  reached. 
Moreover,  the  magnetic  field  accompanying  the  Induced  current  opposes  the 
external  field  in  both  intensity  and  polarity.    The  applied  field  therefore  cannot 
penetrate  the  metal,  except  to  a  depth  of  the  order  of  millionths  of  a  centimeter. 

This  phenomenon  is  illustrated  in  a  striking  way  by  the  famous  floating 
magnet  experiment,  as  shown  in  Figure  1.    If  a  bar  magnet  is  placed  above  a 
superconductor,  the  persistent  currents  generated  by  its  approach  give  rise  to  an 
opposing  magnetic  field  \diich  precisely  matches  that  of  the  magnet.    The  magnet 
will  then  float  forever  upon  its  own  reflected  field.    The  lines  of  force  cannot 
penetrate  the  superconductor,  yet  each  must  form  a  closed  loop.    Therefore, 
these  magnetic  lines  of  force  will  be  parallel  to  the  surface  of  the  superconductor 
and  must  also  be  somewhat  compressed  because  they  occupy  a  smaller  cross- 
sectional  area  than  they  would  normally  occupy  in  free  space.    This  compression 
of  the  lines  of  force,  or  in  other  words,  intensity  of  the  incident  field,  cannot 
exceed  a  certain  critical  value  without  causing  breakdown  of  the  superconductive 
state.    For  each  of  the  superconductive  metals  at  a  given  temperature  there  exists 
a  critical  magnetic  field. 

Figure  2  shows  the  relationship  between  temperature  and  critical  field  (He) 
for  niobium.    The  metal  niobium  was  chosen  for  illustration  because  it  will  main- 
tain the  superconductive  state  in  the  presence  of  relatively  intense  fields.    It  will 
be  seen,  for  example,  that  at  a  temperature  of  5  degrees  K,  corresponding 
roughly  to  the  boiling  point  of  helium,  niobium  will  resist  penetration  by  a  magnetic 
field  of  1800  gauss.    Certain  alloys  such  as  niobium- zirconium  will  remain  super- 
conductive in  the  presence  of  much  higher  fields  but  do  not  exhibit  zero  permeability 
over  their  entire  surfaces  due  to  the  inclusion  of  normal  areas.    As  conductors  of 
supercurrents  such  alloys  are  useful  since  the  superconductive  portions  are  of 
filamentary  form  and  therefore  maintain  continuity.    To  serve  as  a  magnetic 
insulator,  however,  a  metal  must  be  of  the  highest  purity. 

Suppose  now  that  we  bend  the  bar  magnet  of  Figure  1  into  the  form  of  a  "C" 
with  the  superconductive  sheet  interposed  in  the  gap  as  shown  in  Figure  3.    This 
exercise  in  topology  has  caused  no  change  in  the  magnetic  circuit  except  for  a 
variation  in  the  leakage  pattern.    The  flux  lines  are  still  repelled  by  the  super- 
conductive surface.  ^  The  magnet  is  now  a  folded  bar  magnet  but  the  reluctance 
of  the  circuit  remains  practically  the  same.    Each  pole  is  reflected  from  an 
opposite  side  of  the  superconductor  but  the  lines  of  force  are  still  parallel  to  the 
surface  and  they  must  travel  almost  as  far  to  get  home. 

H  the  superconductive  barrier  were  to  be  removed,  we  would  then  have  a 
true  "C"  magnet  with  the  greatly  reduced  reluctance  of  that  configuration.    This 
can  be  done  in  effect  simply  by  heating  a  central  area  of  the  barrier  until  it 
returns  to  the  normal  state.    The  source  of  heat  could  well  be  a  concentrated 
beam  of  solar  radiation.    Or  it  could  be  a  laser  beam  carrying  power  from  one  of 
a  series  of  generating  stations  on  earth.    In  any  case,  restoration  of  the  normal 
gap  length  will  reduce  the  reluctance  of  the  magnetic  circuit  by  a  very  consider- 
able factor  and  increase  the  flux  density  within  the  magnet  by  the  same  factor. 
If  a  coil  is  linked  with  this  change  in  flux  as  shown  in  Figure  4,  an  emf  will  be 
induced  in  the  coil  and  a  useful  electric  current  will  be  generated.    Moreover, 
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Lenz'8  law  insures  that  tbe  input  energy  will  be  required  to  match  the  output 
energy  as  it  does  in  every  other  meniber  of  the  family  of  electrp- magnetic 
generators. 

In  order  to  function  as  a  useful  energy  conversion  means,  the  process  must 
be  repeatable.    A  series  of  pulses  or  cycles  must  be  generated,  preferably  at  a 
fairly  high  frequency.    In  theory  this  does  not  entail  any  difficulty  since  the  siqter- 
conductive  phase  transition  is  thermodynamically  reversible.    If  the  metal  is 
cooled  through  a  very  small  threshold  temperature  range  it  will  return  to  the 
superconductive  state.    Of  course,  no  energy  can  be  converted  during  this  phase 
change  because  none  is  received.    Any  attempt  to  impose  a  load  upon  the  transi- 
tion from  normal  to  superconductive  would  imdoubtedly  block  the  transition. 
Such  an  occurrence  has  in  fact  been  reported  by  von  Laue,  although  the  effect  was 
accidental  and  very  little  significance  was  attached  to  it.  ^  In  Figure  4  a  diode  is 
shown  in  series  with  the  output  coil  to  prevent  the  development  of  a  back  mmf 
during  the  reverse  transition.    Lenz's  law  can  work  both  for  and  against  us;  if  it 
can  demand  energy  when  energy  is  available  and  eager  to  be  converted,  it  can 
oppose  a  flux  change  equally  as  vigorously  when  nothing  more  is  forthcoming 
than  the  exceedingly  feeble  free  energy  difference  between  the  two  states  of  the 
medium  itself.    It  should  be  noted,  however,  that  no  power  on  earth  or  in  space 
can  stop  the  transition  from  superconductive  to  normal.    K  this  were  not  the  case, 
the  superconductive  state  could  be  carried  up  to  room  temperature  simply  by 
threatening  it  with  a  job. 

Even  a  free  magnetic  field  relieved  of  the  burden  of  an  inductive  load  can 
interfere  with  the  transition  from  normal  to  superconductive  to  a  certain  extent. 
In  1933,  Meissner  and  Ochsenfeld  established  the  fact  that  a  superconductor  will 
not  only  resist  penetration  by  a  magnetic  field  but  will  actually  expel  a  field  that 
is  present  during  the  transition,  provided  that  the  field  strength  is  less  than 
critical.  ^   But  the  expulsion  of  an  existing  field  is  subject  to  imperfections  in  the 
form  of  flux  entrapment,  the  configuration  shown  in  Figure  3  being  particularly 
susceptible.    To  facilitate  the  return  of  the  metal  to  the  superconductive  state  the 
field  in  the  gap  should  be  reduced  as  much  as  possible  immediately  prior  to  the 
transition.    Since  the  output  coil  has  in  effect  been  open- circuited  by  the  blocking 
effect  of  the  diode,  the  field  in  the  gap  can  be  reduced  or  even  eliminated  during 
this  phase  of  the  cycle  by  a  suitable  shunting  means  at  no  greater  cost  than  that  of 
hysteresis  and  eddy- current  losses.    This  kind  of  trade-off  is  not  uncommon  in 
energy  conversion  dgxices.    The  four-cycle  gasoline  engine,  for  example,  goes 
throi^h  a  very  elaborate  and  energy  consuming  mechanical  routine  before  return- 
ing to  its  single  power  stroke. 

Design  Concepts 

It  is  apparent  that  the  rudimentary  form  of  the  device  as  shown  in  Figure  4 
does  not  lend  itself  readily  to  cyclic  operation.    Even  with  the  output  coil  open- 
circuited  it  would  be  difficult  to  remove  the  field  in  the  gap  of  a  permanent  magnet 
without  having  to  contend  with  some  rather  violent  reactions.    These  reactions 
could  be  nulled  out  by  complicated  energy- recovery  machinery,  bat  it  is  alwaiys 
advisable  to  avoid  machinery,  especially  in  the  space  environment.    However, 
before  preceding  to  the  description  of  a  more  soidiisticated  design,  it  would  be 
well  to  isolate  and  analy:^e  vibaJt  may  be  called  the  power  stroke  of  the  cycle. 
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To  do  this  it  will  be  necessary  to  assume  certain  dimensions.    Let  the  pole 
diameter  be  1"  and  the  normal  gap  length  2"  as  shown  at  G^  in  Figure  4.    Using 
niobium  as  a  superconductor  at  a  temperature  of  5  degrees  K,  the  field  strength 
in  the  gap  must  not  exceed  1800  gauss.    If  the  magnet  is  of  Alnico  V  and  is 
properly  designed  to  operate  at  a  point  on  the  demagnetization  curve  at  ^ich  the 
energy  product  is  a  maximum,  the  flux  density  within  the  magnet  will  be  10,500 
gauss  when  the  barrier  is  in  the  normal  state.    With  the  barrier  in  the  super- 
{ conductive  state  there  will  be  no  gap  at  all,  properly  speaking,  but  merely  a 
complex  flux  leakage  pattern.    For  purposes  of  calculation  the  leakage  path  can 
be  represented  by  a  hypothetical  gap  G2  having  a  length  of  6  1/2"  based  upon  a 
barrier  diameter  of  6".    The  relationship  between  gkp  length  and  reluctance  is 
highly  indeterminate  in.  any  magnetic  circuit.    Normally  about  90%  of  the  , 
reluctance  of  the  circuit  resides  in  the  gap  and  hence  any  change  in  gap  length  has 
a  profound  and  disproportionate  effect  upon  the  reluctance.    To  be  consei^ative  in 
this  case,  we  will  assume  that  the  reluctance  varies  linearly  with  respect  to  gap 
length.    The  change  in  flux  density  varies  directly  with  reluctance;  therefore,  a 
change  in  gap  length  from  6  1/2"  to  2"  under  the  effect  of  thermal  destruction  of 
a  superconductive  barrier  will  result  in  a  flux  change  of  10, 500  x  2/6. 5  or  3240 
gauss. 

If  this  flux  change  is  not  put  to  work  it  represents  very  little  energy;  no 
more,  in  fact,  than  the  energy  represented  by  the  original  distortion  of  the  free 
field.    The  distinction  between  a  woridng  flux  change  and  one  that  merely  exercises 
its  little  domains  is  forcibly  illustrated  by  the  flux  changes  occurring  in  the  core 
of  a  power  transformer.    With  the  secondary  open- circuited  the  core  can  be  satu- 
rated by  an  exciting  current  of  only  about  3%  of  the  rated  load  current.    With  an 
output  current  flowing  in  the  secondary,  the  same  flux  change  will  transport  an 
enormously  greater  amotJuit  of  energy  from  the  source.    This  device  is  in  effect  a 
transformer  with  an  exotic  heat- actuated  primary  and  a  conventional  secondary. 

Now  let  us  see  how  much  energy  can  be  transported  by  a  working  flux  change 
of  3240  gauss.    Assuming  a  uniform  change  in  flux,  the  resultant  emf  can  be 
calculated  by  Faraday's  formula, 

E=-^fiAN-xio-e 

in  which  AbIs  the  flux  change  in  gauss,  A  is  the  area  of  the  core  in  square  centi- 
meters, N  is  the  number  of  turns  in  the  coil  and  t  is  the  interval  of  time  in  which 
the  flux  change  takes  place.    A  coil  consisting  of  150  turns  of  #18  wire  is 
arbitrarily  assumed.    The  time  required  for  the  transition  depends  upon  the 
incident  heat  energy,  the  strength  of  the  applied  field  and  the  thermal  mass  of  the 
medium,    hi  this  case,  ushig  a  film  1/10000**  thick,  a  pulse  duration  of  .  001  sec. 
does  not  appear  to  be  unreasonable,  considering  the  fact  that  in  a  cryotron  the 
transition  occurs  in  about  15  billionths  of  a  second.    Substituting  these  values,  we 
have 


^^ggCT""'  24.6  V.,.. 
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Since  heat  is  normally  absorbed  at  a  uniform  rate,  there  is  reason  to  believe 
that  the  flux  change  will  be  uniform  with  time  and  that  the  output  will  therefore  be 
pure  d-c.    Jn  this  respect  the  device  is  comparable  to  a  honoopolar  generator. 

Taking  full  advantage  of  the  cryogenic  facilities  which  this  converter  wiU 
presumably  make  available,  the  coil  can  be  maintained  at  an  average  temperature 
of  127  degrees  K  by  means  of  a  liquid  nitrogen  jacket,  assuming  a  temperature 
rise  of  50  degrees.    At  that  temperature  its  resistance  will  be  about .  09  ohm. 
The  short-circuit  output  will  then  be 

P=-^^^=  6.6  KW 

An  output  of  this  order  of  magnitude  in  a  converter  weighing  only  a  few 
pounds  indicates  the  possibility  of  an  interesting  future.    Upon  such  a  premise 
we  may  be  justified  in  giving  some  attention  to  a  more  practical  form  of  the  device. 

Figure  5  shows  an  arrangement  having  two  gaps,  each  with  its  own  barrier, 
1  and  2,  together  with  a  branching  system  of  ferrite  pole  pieces  connected  to  a 
permanent  magnet  3.    The  barriers  1  and  2  are  alternately  irradiated  by  means 
of  a  rotating  mirror  not  shown  in  the  sketch.    Thus  the  reluctance  of  one  branch 
increases  as  that  of  the  other  decreases,  the  flux  changes  being  confined  to  the 
pole  pieces  n^ich  serve  as  cores  for  output  coils  4  and  5.    In  this  way  the  total 
flux  in  the  magnetic  circuit  remains  the  same,  although  in  each  branch  it  may 
fluctuate  through  a  range  that  could  not  be  tolerated  in  even  the  most  highly 
stabilized  permanent  magnet.    The  magnet  3  furnishes  what  may  be  called 
magnetic  potential  and  is  not  affected  by  the  flux  changes  in  the  pole  pieces 
except  perhaps  to  a  very  limited  extent.    The  barriers  1  and  2  are  maintained  at 
superconductive  temperature  by  contact  with  liquid  helium.    Control  windings, 
shown  at  6  and  7,  are  wound  in  such  direction  as  to  buck  the  nuignetic  flux  in  each 
branch. 

We  now  have  the  makings  of  a  cycle.    Let  us  start  with  barrier  1  in  the 
superconducting  state  at  the  beginning  of  the  irradiated  phase.    Barrier  2  is  in  the 
normal  state.    Control  windings  6  and  7  are  open- circuited.    Coils  4  and  5  are 
connected  to  the  load.    As  barrier  1  passes  to  the  normal  state  the  reluctance  of 
the  associated  branch  is  reduced  and  a  current  is  induced  in  coils  4  as  a  result  of 
the  expanding  field.    The  flux  density  in  the  opposite  branch  is  reduced  as  the  flux 
tends  to  equalize  and  a  current  is  then  induced  in  coils  5  due  to  the  collapsing 
field  in  that  branch.    Coils  4  and  5  are  of  course  wound  in  series  aiding  fashion. 
When  barrier  1  has  completed  its  transition  to  the  normal  state,  or  perhaps 
slightly  before,  all  coils  are  open-circuited  by  a  suitable  switching  means. 
During  the  time  that  the  energy  beam  is  moving  from  barrier  1  to  barrier  2, 
control  winding  7  is  energized,  removing  the  field  from  barrier  2  which  then 
snaps  into  the  superconducting  state.    This  transition  requires  no  energy  wiat- 
ever  in  the  absence  of  a  magnetic  field  and  occurs  in  practically  zero  time.   It 
should  be  noted  that  the  current  in  control  winding  7  is  not  working  against  any 
load  other  than  the  resistance  of  the  coil  and  the  reaction  of  the  core  material. 
It  is  comparable  to  the  exciting  current  of  an  unloaded  transformer  and, 
considering  its  transient  nature,  probably  represents  an  even  smaller  fraction 
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at  tbie  total  on^ot.   Witti  ttie  de-eneigislng  of  control  winding  7  coils  4  and  5  are 
rveonnected  to  the  load  tliroii|^  a  solid-state  commntator  and  the  cycle  is  tlien 


Solar  energy  is  supplied  in  space  at  the  rate  of  about  10^  watts/m^.    Taking 
as  a  goal  the  6. 6  kilowatts  of  the  power  impulse  of  the  prototjrpe  design  which  the 
in^roved  form  siiould  provide  almost  continuously,  a  collector  about  ten  feet  in 
diameter  will  be  required,  aUowii^  a  collector  efficiency  of  75%.    A  concentrated 
beam  2"  in  diameter  (to  conform  to  tiie  Jlimensions  of  the  magnet  gap)  will  then 
provide  an  energy  flux  of  270  watts/cm  .    This  corresponds  to  the  temperature, 
Tj,  of  an  equivalent  black  bo(ty  close  to  the  stqperconducting  surface,  where: 


'r-y=i 


SISL^-  2600*  K 


Waste  heat  is  rejected  to  the  liquid  helium  coolant  at  a  temperature,  T2,  of  about 
5  degrees  K.    The  thermodsrnamic  efficiency  of  the  converter  is  therefore 

Thus,  only  0. 3  of  1%  of  the  input  heat  Is  unavailable  for  conversion  and  nrast  be 
rejected  to  the  coolant.    In  terms  ci  electrical  power  this  represents  a  loss  of 
only  3  watts  per  kilowatt. 

M  first  glance  it  seems  highly  improbable  that  a  f Um  of  niobiunuJ  0001"  thick 
monated  on  a  thin  substrate  and  subjected  to  a  temperature  of  2600  degrees  at  one 
face  and  5  degrees  at  the  other  would  survive  for  even  a  small  fraction  of  a  second. 
Ordinarily  it  wouldn't.   In  a  passive  magnetic  field  the  consequoices  would  be 
catastrophic  since  the  latmt  heat  of  transition  in  the  presence  of  such  a  field  is 
negligible.    In  the  case  of  a  working  magnetic  field  there  is  a  vital  difference. 
The  input  of  heat  is  reflected  directly  and  immediately  in  an  output  of  electrical 
energy.    Over  9i%'oi  the  incident  heat  energy  is  available  for  this  purpose. 
Obviously,  the  same  unit-of~radiant  energy  that  contributes  to  a  changing  magnetic 
flux  and  is  withdrawn  by  induction  to  do  honest  work  elsewhere  cannot  at  the  same 
time  remain  btiiind  for  the  purpose  of  heating  up  a  nietal  film. 

Ideally,  an  energy  conversion  medium  serves  only  as  a  stepping-stone.    In 
most  heat  engines  the  conversion  process  leaves, btiiiod  it  a  traU  of  violence, 
stepping-stones  that  are  melted  down  and  recast  for  every  erg  that  goes  from  one 
job  to  another.    Yet  there  is  no  basic  immutable  reason  for  the  working  medium 
even  to  change  ten^rature,  except  as  required  to  dispose  of  unavailable  heat. 
The  intimate  relationship  between  heat  and  magnetism  In  the  phase  change  of  a 
supercondDctor  is  such  ttiat  an  energy  exchange  can  occur  without  any  significant 
macroscopic  change  In  the  medium.    Such  an  effect  is  rendered  credible  by  the 
fact  tiiat  the  superconductive  state  of  a  metal  does  not  differ  phjrsically  from  ttie 
normal  state  in  any  observable  respect.    The  conversion  of  heat  energy  to 
electrical  energy  by  means  of  tiie  closely  related  magneto-thermal  properties  of 
a  superconductor  therefore  does  not  require  the  molecular  gyrations  and 
consequent  involvement  of  mass  and  volume  that  characterises  the  alien  working 
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fluid  of  a  conventional  turbo-generator.    This  isolation  and  direct  combination 
of  properties  contributing  to  thermo-electric  conversion  and  only  to  thermo- 
electric conversion  holds  forth  the  promise  of  a  compactness  and  poirer/weij^t 
ratio  impossible  even  to  approach  by  conventional  means. 

In  any  electromagnetic  generator  a  reaction  must  exist  which  requires  tbm 
input  energy  to  match  the  output,  except  for  the  usual  losses.    The  law  of  con- 
servation of  energy  demands  such  a  reaction.    The  back  torque  exerted  by  the 
shaft  of  a  mechanically  driven  generator  imposes  a  load  upon  the  prime  mov«r 
precisely  proportional  to  the  output  of  the  generator.    Similarly,  the  back  emf  la 
the  secondary  of  a  transformer  induces  a  counter- current  in  the  primary  wbidt 
opposes  the  input  to  the  precise  degree  necessary  to  insure  that  conservaiiopi  laws 
are  satisfied.    This  requirement  is  encapsulated  by  Lenz's  law,  viiich  states  tlkat 
any  electric  current  initiated  by  a  change  in  magnetic  flux  must  react  in  such 
manner  as  to  oppose  the  cause  of  the  flux  change.    But  in  the  present  case  the 
cause  of  the  flux  change  is  an  input  of  thermal  energy.    The  mechanism  by  which 
a  back  emf  can  react  against  a  purely  thermal  input  of  radiant  energy  and  require 
it  to  deliver  full  measure  is  at  present  unknown,  at  least  to  the  writer.    Certainly 
it  could  not  be  more  complex  than  the  series  of  energy  exchanges  by  which  ttie 
interaction  between  a  coil  and  a  magnetic  field  in  a  conventional  steam  driven 
generator  is  ultimately  manifested  in  a  cooling  effect  upon  some  distant  flames 
which  in  turn  gain  their  energy  from  a  sun  that  set  a  million  years  ago.    In  Uie 
present  case,  a  detailed  analysis  of  the  processes  involved  in  the  change  of  state 
of  a  superconductor  under  the  effect  of  a  reactive  magnetic  field  is  beyond  the 
scope  of  this  paper.    Many  of  the  writer's  consultants  have  shown  some  interest 
in  the  theoretical  aspects  of  the  problem;  eventually  some  li^t  may  be  ttirown 
upon  the  manner  in  which  Lenz's  law  is  manifested  in  this  generator. 

Ironically,  one  of  the  most  obstructive  roadblocks  in  the  course  of 
development  of  this  idea  arose  from  the  high  thermal  efficiency  of  the  device. 
Even  though  the  amount  of  heat  that  must  be  rejected  is  very  small  the 
temperature  difference  between  the  coolant  and  the  sink  is  also  very  small,  which 
makes  it  difficult  to  get  rid  of  the  heat.    In  space  it  is  much  easier  to  radiate  away 
kilowatts  in  the  form  of  waste  heat  at  the  temperature  of  liquid  mercury  tiisn  it  is 
to  dispose  of  a  fraction  of  a  watt  at  the  temperature  of  liquid  helium.    It  is  a  case 
of  Camot  vs.  Stefan- Boltzmann.    We  can  of  course  give  the  decision  to  SteCan- 
Boltzmann  and  commit  ourselves  for  all  time  to  the  use  of  a  liigh-temperaturs 
medium  at  a  maximum  thermal  efficiency  of  about  35%.    Or  we  can  tske  the  taddsr 
course  and  try  to  invent  our  way  around  the  problem. 

li  the  temperature  at  wliich  waste  heat  is  rejected  can  be  increased,  the 
rate  of  radiation  will  increase  as  the  ratio    of  the  difference  between  the  fourtti 
powers  of  the  temperatures  of  radiator  and  sink.    This  is  in  accordance  with  the 
Stefan-Boltzmann  radiation  law.    On  the  other  hand  the  e3q)ression  for  Camot 
efficiency  takes  no  hjBed  of  the  use  to  which  the  work  is  put.    Thus  a  heat  flngine 
can  be  caused  to  drive  a  refrigerator  without  losing  a  single  percentage  point  o< 
its  original  efficiency.    The  net  efficiency  of  the  compound  system  wlU  be  reduced, 
however,  because  the  temperature,  T2>  ^^  which  heat  is  ultimately  rejected  wUl 
be  increased.    But  if  one  hiq>pens  to  need  the  services  of  a  refrigerator  (heUnm 
liquifier  in  this  case)  and  also  wishes  to  take  advantage  of  the  fourth  power  tanr, 
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Hm  eonribiiiatioa  is  a  pauticnlarly  fortunate  one.    Moreover,  when  the  primary 
i^stem  operates  at  a  tiiermal  efficiency  in  excess  of  99%  a  considerable  degree  of 
iresdom  la  Hie  allocatton  of  tlie  output  is  permitted.    For  exa&ple,  a  cooler  can 
be  ilesluinil  to  draw  40%  of  tlie  output  of  the  converter,  leaving  60%  to  be  distrib- 
stod  as  tfectrical  power.    S  a  smaller  radiator  is  desired,  together  with  the 
wttrafttrwi  of  more  heat  from  cryogenic  devices,  a  proportion  of  70%  for  cooling 
aad  SQ%  for  tiectrical  power  may  be  chosen.    Of  course  the  efficiency  of  the 
cooler  mnt  be  taken  into  account,  but  the  overall  loss  is  no  greater  when  the 
oooisr  is  coopooaded  with  tibe  generator  than  when  each  goes  its  separate  way. 

WiOi  power  in  the  kilowatt  range  availatde  for  closed-cycle  cryogoiic  cooling, 
many  siqperoondBCtive  devices  now  barely  dreamed  of  will  be  possilde.    For 
example,  an  entire  ^acecraft  can  be  shielded  against  dangerous  radiation  by 
flbeatiiiBg  it  with  an  interne  magnetic  field,  a  field  of  the  order  of  hundreds  of 
ttoosands  of  gauss.    Sodi  an  ezpedioit  would  be  impossible  without  the  benefit  of 
enormous  currents  running  losslessly  and  eternally  in  threadlike  wires.    The 
qpace  technology  o€  the  future  will  most  certainly  rely  heavUy  upon  supercurrents; 
devices  unknown  today  will  be  conceived  to  meet  problems  of  which  we  are  not 
even  aware.    Hie  atailtty  to  maintain  superconductivity  in  space  on  a  large  scale 
will  in  itsdf  give  rise  to  many  advances.    The  unique  properties  of  the  superfluid 
state  may  also  find  eaqploitation  wlien  ibe  means  for  maintaining  this  state  of 
matter  is  readily  at  hand. 

Any  Mftproaueh  to  the  objective  of  energy  conversion  in  space  must  take  into 
accouitf  tbe  effects  of  the  envircmment. ,  The  method  proposed  herein  is  no  excep- 
tkm;  at  Tery  low  tanperatnres,  materials  behave  quite  differently  than  at  room 
tenqieratares.    For  example,  at  cryogenic  temperatures  eddy  current  losses  are 
very  severe  due  to  Increased  electrical  conductivity  of  the  core.    The  use  of  a 
f  errite  material  will  hdp  to  alleviate  tliis  condition  at  the  expense  of  increased 
balk  bat  with  no  increase  in  net  weight.    Further  improvement  may  l>e  possible  by 
miiBg  a  laminatfd  f errtte.    The  core  could  be  pressed  in  the  green  state  with  tiie  ^ 
ferrite  contained  between  very  tiiin  strips  of  insulating  material  and  the  entire 
assemiily  then  sintered.    This  improvement,  if  such  it  is,  represents  only  one 
avenue  of  attack,    lliere  could  be  many. 

Concinding  Remarks 

At  the  present  time  this  method  of  energy  conversion  exists  only  in  the  mind 
of  Its  inventor  and  in  the  files  of  the  Patent  Office.    As  a  system  it  has  not  been 
physically  devekqped  beyond  the  performance  of  some  simple  experim^its  using 
m^ereondDctive  lead  and  undertaken  only  for  the  purpose  of  demonstratii^  the 
from  a  scientific  stand^int.    The  experiments  were  successful  and  are 
as  a  basis  for  farther  investigatioh  of  a  highly  theoretical  nature.    In  a 
has  yet  l>eai  done  to  provide  experimental  evidence  of  the 
feasibltity  of  the  system  as  a  irtiole.    Lacldng  such  evidence,  the  system  concept 
of  the  idea  mnst  neceasarity  hang  upon  a  rather  tenuous  thread  of  logic.   At  ttiis 
*    ~  point  ia  its  history,  however,  it  does  have  one  benefit  to  offer, 
conversion  metliod  now  under  development  has  filtered 
and  in  most  cases  many  generations  of  minds.    Improvement 
oaty  laereaslng^  dMficnlt  but  less  rewarding.    In  the  pressnt  case  a 
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totally  new  method  of  converting  heat  to  electricity  is  offered.    Every  major 
improvement  has  yet  to  be  conceived.    Despite  its  lack  of  ancestry  and  the  fact 
that  the  sum  total  of  its  literature  is  represented  by  this  one  paper,  the  proposed 
method  may  open  a  promising  field  of  investigation  to  the  few  who  are  not  afraid 
of  being  alone  in  the  dark. 
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SOLAR  GENERATION  OF  ELECTRIC  POWER  AT  LUNAR  POLE 

George  E.  Henry 
»        General  Electric  Company 
Daytona  Beach,  Florida 


SUMMARY 

A  theoretical  investigation  of  possibilities  for  an  electric 
power  station,  appropriate  for  installation  and  use  on  the  moon, 
late  in  the  20th  century,  leads  to  a  tentative  decision  in  fa- 
vor of  a  solar  driven  Itenkine  cycle  turboelectric  system.  Such 
a  station  would  be  located  at  one  of  the  lunar  poles,  to  take 
advantage  of  continuous  sunlight  for  the  collector,  and  continuous 
shade  for  the  radiator,  in  close  proximity.  Gross  thermodynamic 
characteristics  of  the  system  are  investigated  in  a  preliminary 
way. 


XNTRODUCTION 

The  present  paper  suggests  one  possible  solution  to  the  problem  of  continuously 
generating  large  quantities  of  electric  power  on  the  surface  of  the  moon.  It 
is  not  claimed  to  be  an  optimum  solution,  but  is  rather  an  outline  of  a  system 
concept  which  vould  seem  to  merit  serious  consideration  if  certain  basic  assump- 
tions turn  out,  in  the  light  of  future  development,  to  be  correct.  The  system 
concept,  while  perhaps  novel  when  taken  in  its  entirety,  comprises  nothing  very 
new  in  the  way  of  subsystems,  assemblies,  or  components. 

Ground  Rules 

Our  study  has  to  do  with  a  power  plant  which  might  be  built  20  or  30  years  from 
now.  Accordingly,  our  ceilculations  are  all  in  the  nature  of  rough  approxima- 
tions. Thermodynamic  computations  are  based  on  the  usual  first  order  idealiza- 
tions    pure  adiabatic  expansion  of  gases  in  a  turbine,  frictionless  flow 

(zero  pressure  drop)  in  tubes  and  conduits,  and  all  the  rest.  .,/,,', 

No  special  allowance  is  made  for  the  advances  in  power  engineering  technology 
which  are  bound  to  take  place  between  now  and  the  time  when  such  a  plant  might 
be  built.  This  paper  aims  to  show  up  certain  possibilities  which  will  almost 
svirely  exist.  If  in  the  next  few  decades  still  more  attractive  possibilities 
are  brovight  forward,  so  much  the  better;  but  that  is  not  our  present  concern. 

Basic  Assimrptions 

1.  There  will  be  established  a  more  or  less  permanent  manned  statiot,  some- 
where on  the  moon,  before  the  end  of  the  present  century.  There  may  even 
be  several  stations,  in  different  locations. 
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2.  Any  such  manned  station  will  require  a  continuous  supply  of  electric  power, 
in  the  range  of  100  to  1000  kw. 

3.  It  will  prove  both  feasible  and  advantageous  to  locate  at  least  one  such 
base  in  the  near  vicinity  of  the  luimr  north  pole  of  south  pole. 

k.     Natural  resources  locally  available  on  or  near  the  lunar  surface  will  have 
been  exploited, ""and  a  technology  will  have  been  developed,   to  a  point  such 
that  simple  metal  fabrication  and  construction  projects  can  be  carried  on 
with  a  minimum  of  support   from  earth.      Only  special  equipment  and  materials 
(tools,   instruments,  optics,   special  alloys,  etc.)  will  need  to  be  brought 
frcm  earth. 

DISCUSSION  OF  ASSUMPTIONS 

The  above  are  perhaps  bold  assumptions;  but  the  published  literature  affords 
abundant  support,   particularly  for  the  first  three.     Many  writers  have  argued 
the  need  for  a  "l\inar  colony".      (See  refs.   1-8,  also  bibliography  in  refs.  2 
smd  k,  particularly).     Especially  forceful  is  the  recent  review  by  Arthur  C 
Clarke^,   citing  the  benefits  to  be  expected  in  several  widely  differing  cate- 
gories: 

vacuum  technology 

radio  astronomy  (lunar  farside) 

logistics  and  supply  to  earth  orbiting  vehicles 

base  of  operations  for  further  exploration  of  solar  system 

Among  other  interesting  proposals  by  Cleurke  is  that  of  a  moon-based  electro- 
dynamic  launching  system^,   5.      This  idea  has  been  further  developed  by  Escher^. 
Insteuitaneous  electric  power  requirement  for  such  a  system,  however,    is  extremely 
high  (up  to  10^  watts  or  higher,   per  earth-ton  of  gross  mass,  accelerated  to 
escape  speed  at  50  gravities),    and  would  obviously  require  some  kind  of  short 
term  energy  storage  scheme,   as  well  as  a  generating  plant  having  a  capacity  suit- 
ably matched  to  that  of  storage  device.     The  papers  by  Clarke  and  by  Escher,    in 
suggesting  the  need  for  large  amounts  of  electric  power  on  the  moon,   have  provided 
a  positive  stimulus  for  the  present  study.      Our  proposal,  however,   falls  far 
short  of  meeting  the  requirement  implied  by  their  electrical  launch  device. 

00  8 

Salisbury  and  Campen'^-'  and,  more  recently,   J.  Green     have  considered  in  detail 

■the  relative  merits  of  different  possible  locations  for  a  permanent  lunar  colony. 

Green  and  co-authors^  have  put  forward  the  idea  of  a  base  at  one  of  the  lunar 

poles.     They  have,    indeed,  already  pointed  out  a  number  of  the  factors  which  are 

important  to  the  subject  being  treated  in  the  present  paper. 

The  genersLL  problem  of  designing  a  hmar  power  station  can  be  approached  in  at 
least  2  different  ways: 

(a)  One  may  first  select  the  site  for  the  hxnax  colony  or  base,  thinking 
chiefly  of  the  functions  the  base  is  to  perform,  then  decide  on  an 
optimum  scheme  to  supply  power  to  a  base  in  that  particular  location. 

(b)  One  may  determine  what  kind  of  electric  power  system,    somewhere  on  the 
moon,  would  yield  the  greatest  utility  per  dollar  spent,   then  feed  the 
result  into  the  process  of  tasking  a  decision  as  to  the  site  of  the 
lunar  base . 
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This  paper  takes  the  second  approach.  Our  concern  is  with  the  situation  which 
develops  after  the  early  phases  of  lunar  exploration  have  been  completed.  The 
need  will  no  longer  be  for  a  power  station  which  is  highly  mobile,  and  neatly 
self  contained.  Rather,  to  achieve  maximum  utility  per  dollar,  one  should  seek 
to  maximize  the  steady  output  per  \mit  weight  of  equipment  and  materiaa  to  be 
boosted  frcm  earth. 

The  endeavor  to  maximize  this  particular  qxiantity  leads  to  an  overall  design 
which  differs  markedly  from  that  of  power  pleuits  in  the  more  usual  categories 

Earth-based  public  utility,  manned  or  unmanned  spacecraft.  It  may  differ, 

too,  frcm  the  designs  appropriate  to  the  very  early  permanent  stations  on  the 
moon  —  stations  deriving  their  entire  support  frcm  earth. 

Our  treatment,  while  neither  rigorous  nor  exhaustive,  does  lead  to  a  tentative 
conclusion  in  favor  of  a  solar-powered  rankine  cycle  turboelectric  installa- 
tion at  one  or  the  other  of  the  lunar  poles.  The  chain  of  reasoning  is  set 
forth  in  the  next  section. 


STEPS  TOWABD  SYSTEM  DEFINITIOM 
1.  We  recognize  at  least  four  possible  prime  sources  of  energy: 


a.  ChemlcELL  fuels 

b.  Heat  from  Lunax 

c.  Soleu:  energy 

d.  Nuclear  fuels 


interior 


Both  (a)  and  (b)  seem  unattractive.  Present  knowledge  is  not  sufficient 
to  warrant  outright  rejection  of  either;  but  the  present  expectation  is 
strongly  negative.  Suitable  unreacted  chemicals  probably  do  not  exist, 
in  any  qxiantity,  on  the  moon.  Internal  heat,  while  undoubtedly  present, 
is  a  "low  grade  source".  It  is  diffuse,  thus  difficult  to  exploit. 
Hence  the  choice  would  seem  to  lie  between  (c)  and   (d). 

2.'  It  is  advantageous  to  use  solar  power  on  the  moon  if  at  £ill  possible. 
The  energy  is  free,  and  there  is  no  interfering  atmosphere.  Hopefully, 
transportation  cost  frcm  earth  would  be  less  for  a  solar  system  than  for 
a  nuclear  power  system,  euLLowing  for  local  (moon-based)  fabrication  of 
many  bulky  items  in  the  solar  collector  emd  the  radiator.  The  lesser 
hazard  constitutes  a  further  advantage. 

3.  The  usual  disadvantage  of  solar  power,  as  ccmpeured  to  nuclear  power,  is 
the  intermittency  resulting  from  the  day-night  cycle.  This  disadvantage 
would  almost*  vanish  if  the  solar  collector  could  be  located  at  the  crest 
of  a  peak  near  one  of  the  lunar  poles.  Certain  of  these  crests  enjoy 
almost*  i>erpetual  sunlight.  (7>8,10) 


*There  would  still  be  eclipses 
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k.     Fran  the  above,   it  would  appear  that  a  solar  inBtallatlon  is  worth  con- 
sidering.    There  would  etlll  be  a  question  how  best,  to  utilize  the  avail- 
able solar  energy. 

5.  With  present  technology,  the  outstanding  possibilitiee  are 

a.  thermoelectric  conversion 

b.  photovoltaic  conversion  (solar  cells) 

c.  thermionic  conversion 

d.  dynamic  heat  engine  cycles 

1.  Stirling  cycle 

2.  Brayton  cycle 

3.  Rankine  cycle 

The  direct  conversion  methods  a,b,  and  c,  are  presently  enjoying  rapid 
development  and  improvement,  particularly  for  spacecraft  applications. 
They  tend  to  be  lightweight  and  compact.  Broadly  speaking,  they  have  the 
advantage  in  the  low  power  range,  up  to  about  5  Kw-  At  higher  power  levels, 
dynamic  heat  engines  show  the  better  economy.  Complete  heat  engine  systems 
are  complex  and  extensive,  but  this  fact  in  itself  is  not  necessarily  a 
drawback,  given  a  firm  base  of  operations  with  plenty  of  space,  and  with 
available  bulk  raw  materials.  Moreover,  hefat  engine  technology  is  already 
well  developed.  A  vast  amount  of  engineering  knowledge  is  immediately  ap- 
plicable. In  all,  the  arg\iments  in  favor  of  the  heat  engine  system  seem 
to  be  decisive. 

6.  Choice  amongst  the  3  heat  engine  cycles  will  hinge  leurgely  on  efficiency, 
and  more  particularly  on  power  per  unit  weight.  The  Stirling  cycle  is 
the  only  one  which  matches  the  Carnot  cycle  in  efficiency,  but  it  has  the 
drawback  of  utilizing  reciprocating  pistons  in  cylinders,  not  high  speed 
turbines.  Accordingly,  in  the  power  range  above  25  Kw,  it  fails  to  com- 
pete favorably  on  a  cost  basis.  Both  the  Rankine  cycle  arid  the  Brayton 
cycle  admit  the  use  of  turbines,  and  are  therefore  preferred  in  the  power 
range  presently  of  interest. 

In  recent  years  there  has  been  much  attention  to  the  Brayton  cycle  for 
power  plants  operating  under  zero  gravity.  The  working  fluid  remains  in 
a  gaseous  state  throToghout  the  cycle,  hence  there  is  no  problem  of  zero 
gravity  boiling.  In  the  absence  of  experimental  data  on  boiling  heat 
transfer  under  lunar  gravity,  one  might  assume  that  the  situation  on  the 
moon  would  resemble  the  earth-based  sit\iation  more  closely  than  it  does 
the  zero  gravity  sitviation,  and  plan  accordingly.  On  that  basis,  one 
would  tend  to  prefer  the  Rankine  cycle  because  of  its  inherently  higher 
efficiency. 

Actually,  as  will  appear  later,  the  analysis  leads  to  a  super- critical 
Rankine  cycle,  extending  far  into  the  superheat  region.  Such  a  cycle 
becomes,  in  effect,  a  sort  of  hybrid.   In  its  heat  absorbtion  portion, 
it  resembles  the  Brayton  cycle;  in  the  heat  rejection  portion,  it  is  like 
an  ordinary  Rankine  cycle  with  superheat.  In  any  case,  it  seems  best  for 
now  to  look  first  at  the  Rankine  cycle,  bearing  In  mind  that  the  Brayton 
cycle  has  not  really  been  ruled  out. 
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OPERATING  TEMPEEtATUHES 

Solar  energy-  is  fl-ee,   and  is  in  constant  supply       It  cen  not  be  hoeo-ded,  nor 
turned  off.     Hence  there  Is  no  direct  reason  for  economizing  in  one's  lise  of  it. 
In  a  word,  there  is  no  incentive  to  achieve  high  efficiency  for  its  own  sake. 

High  efficiency  ronains  a  desirable  attribute  because  It  contributes  to  the 
achievenent  of  high  output  per  unit  cost,  as  for  example,  by  minimizing  the  size 
of  the  solar  energy  collector.     Looking  for  ways  to  get  high  efficiency,  one 
vould  nomally  try  to  arrange  for  a  high  tenqperature  of  heat  absorption  Ti  and  a 
low  teoiperature  of  heat  rejection  Tp. 

In  many  situations,  this  broad  classical  principle  has  to  be  comprcoiiBed,  for 
one  reason  or  another.      (On  earth,   low  temperattire  heat  sinks  are  not  readily 
available;   in  orbiting  space  vehicles,  T2  has  to  be  kept  fairly  high  so  as  to 
utilize  a  small,  lightweight  radiator  structure.)     At  the  lunar  pole,    such  re- 
strictions are  greatly  relaxed.     The  radiator  can  be  placed  in  permanent  shadow, 
allowing  the  rejection  of  heat  to  an  almost  black  sky.     This  gives  a  low  value 
for  T2j  which  in  tium  means  a  radiator  of  very  large  area.     Such  a  thing  would 
be  prohibitive  on  a  spacecraft;  but  on  the  moon,  under  ovir  assumed  conditions, 
it  may  be  possible,   even  practicable. 

Actually,  for  maximum  ideal  (Camot)  efficiency,  the  qtiantlty  to  maximize  is 
(Tl  -  T2)/Ti.     Speaking  generally,   then,  one  can  gain  more  by  depressing  Tg 
than  by  elevating  Ti.     This  fact  can  easily  be  lost  sight  of,   since,    commonly, 
there  is  a  bottom  limit,  not  very  low,  on  T2,   and  efficiency  can  be  increased 
only  by  raising  T^-     If,  on  the  other  hand,   one  could  establish  T2  at  an  ex- 
tremely low  value,  the  Inducement  to  increase  T-i  would  not  be  nearly  so  strong. 

Absolute  theoretical  upper  limit  for  T,   is  fixed  by  the  temperature  of  the 
radiating  surface  of  the  sun  ('»    5700  °k),   suid  is  far  above  any  temperature 
which  can  be  practically  utilized.     Values  of  Ti   in  the  range  of  25OO  to  2800  °R 
have  been  suggested       as  being  within  reach  by     reasonable  extrapolation  of  cur- 
rent technology".     Such  temperattxres,  however,   are  well  beyond  those  normally 
eniplpyed  in  earth-based  power  plants  {r>/  1000     F),  and  have  been  suggested  for 
space-station  power  plants  only  because  the  need  to  keep  T2  high  makes  it  neces- 
sary to  keep  T]^  still  higher.     Provisionally,   one  might  settle  for  a  value  of  Tj^ 
scmewfaere  between  8OO  °K  (rule-of- thumb  for  the  usual  steam  power  plant)  and 
1500  °K  (approximate  maTlmiim  considered  for  spacecraft  systems  utilizing  alkali 
metal  vapors). 

It  is  easier  to  reach  a  decision  about  T2.     Effective  temperature  of  the  black 
sky,   complete  with  stars,  has  been  estimated  at  30  °K.     This  temperature, 
however,   is  much  too  low  for  a  inractical  radiator  on  the  Moon's  surface.     Al- 
lowance should  be  made  for  the  temperatiare  of  lunar  crust.     Watson,  Murray,  and 
Broim^*  ^  have  chosen  the  figure  of  120  ^K  as  a  reasonable  upper  14mlt  for  the 
teaqperature  of  Xxaabx  surface  in  perpetual  shadow.     This  figure  allows  for  the 
effect  of  heat  flow  trcm  the  lunar  interior;  also,  for  heat  flowing  laterally 
through  the  crust  from  warmed  areas .     Seme  further  allowance  should  be  made, 
certainly,  for  the  warming  effect  of  the  power  plant  operation  Itself.     We  there- 
fore select,  tentatively,  the  figure  of  I50  °K.     At  this  temperature,   one  could 
reject  heat  not  only  hy  radiation  to  a  black  sky,  but  also,  perhaps,  by  radiation 
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and/or  conduction  downward  to  the  surface.  Seme  modification  of  this  figure  can 
be  expected,  once  a  choice  of  working  substance  has  been  made,  and  calculations 
on  the  radiator  carried  through.  For  the  moment,  however,  we  note  the  prospect 
of  very  high  Camot  efficiencies .  With  T2  =  150  °K, 


Efficiency  =  Blf 
=  90i 


(Ti  =  800  °K 
(T,  =  1500  °K 


The  above  figures  underline  the  point  already  made  about  ideal  operating  tem- 
peratures. If  we  can  get  8l^  efficiency  (ideal)  at  an  easy-to-handle  8OO  or, 
and  the  input  energy  is  free,  why  struggle  to  work  at  the  high  level  of  I5OO 
°K  to  gain  only  a  small  percentage? 

CHOICE  OF  WORKING  FLUID 

To  make  a  start  somewhere,  one  might  scan  the  list  of  substcmces  capable  of 
going  through  a  gas- to-liquid  change  of  phase  at  I50  °K  or  thereabouts,  at  acme 
reasonable  pressure.  Such  common  atmospheric  gases  as  Nitrogen  (crlt.  temp. 
127  °K)  «md  Argon  (crlt.  temp.  I5I  °K)  are  too  volatile.  The  usual  refrigerants 
(HHo>  SO^,  the  various  frebns)  are  not  volatile  enough.  Among  the  rare  gases, 
however,  axe  two  likely  candidates: 

Krypton    (triple  point,  II6  °K,  5^8  Torr;  critical  point  209  °K,  5*^.3  atm) 

Xenon     (triple  point  I6I  °K,  6l2  Torr;  critical  point  290  °K,  58  atm) 

Aside  from  the  fact  that  these  gases  condense  at  approximately  the  desired  tem- 
perature and  pressure,  there  are  three  strong  argiments  in  their  favor: 

1.  Both  gases,  being  monatomic,  show  a  high  value  for  HT   ,  the  ratio  of 
specific  heats.  This  fact,  in  txirn,  means  that  a  large  temperatiire  range 
corresponds  to  a  relatively  small  pressure  range. 

2.  Krypton  and  Xenon  are  chemically  inert.  This  characteristic  at  once  re^: 
moves  all  need  to, worry  about  corrosion  or  chemical  Instability. 

3.  There  is  reason  to  believe  that  both  gases  occ\ir,  albeit  in  a  state  of  ex- 
treme attenuation,  in  the  lunar  "atmosphere" .  While  we  are  not  aware  of 
any  practical  means  of  collecting  a  gar  existing  at  such  extraordinarily 
low  density,  one  can  hardly  rule  out  the  possibility  that  a  means  may  be 
Invented . 

Saturation  cvarrea  for  Krypton  and  Xenon  appear  in  figures  1  and  2.  (Original 
data  from  ref.  12).  Neither  gas  is  quite  right  for  condensing  at  the  pre- 
selected temperature.  At  15O  °K,  the  saturation  pressure  for  Krypton  is  6.4  at- 
nospheres  —  somewhat  higher  than  optimum.  For  Xenon,  on  the  other  hand, 
150  ^  lies  below  the  triple  point.  Using  this  gas,  one  would  probably  choose 
to  condense  at  /N/I70  HK  (I.3  atmospheres). 
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Conceivably,  one  might  contrive  some  advantage  from  working  with  a  mixture  of  Kr 
and  Xe.  Such  a  fluid,  of  course,  would  not  behave  as  a  "pure  substance";  each 
element  would  tend  to  act  In  accordance  with  its  own  partial  pressure.  Event- 
ually, the  possibility  should  be  considered,  if  only  because  the  mixture  of  gases 
might  be  easier  to  come  by  than  either  gas  by  itself.  One  may  reasonably  expect 
that  If  either  element  is  present  on  the  moon,  the  other  will  be  also.  Any 
scheme  to  concentrate  such  extremely  diffuse  (and  chemically  Inert)  material 
would  probably  yield  as  its  end  product  a  mixture  which  one  might  prefer,  in  the 
interest  of  economy,  not  to  have  to  sepeurate  into  constituents.  Parenthetically, 
the  possibility  of  using  mixed  noble  gases  in  a  Brayton  cycle  has  already  been 
considered,  by  autJiors-^3  seeking  to  optimize  the  design  of  a  space  power  plant 
in  the  10-100  Kw  range. 

For  the  present,  however,  we  put  aside  this  line  of  thought,  and  consider  the  use 
of  Xenon,  with  Tg  fixed  at  170  °K.  .Pg,  then,  will  be  I.3  atmospheres.   If  P^  is 
established  at  57-6  atmospheres  (the  critical  pressure)  then  T,,  calculated  by 
the  perfect  gas  law,  becomes  approximately  775  °K.  This  figure  lies  comfortably 
within  the  range  of  practicality,  and  gives  rise  to  a  Carnot  efficiency  of  78^. 

Actually,  of  course,  the  perfect  gas  law  gives  only  a  rough  approximation  for  T-i. 
Vapor  properties,  derived  experimentally,  would  f\irnish  a  much  better  base  for 
calculation.  But  for  Xenon,  these  properties  appear  to  be  available  in  the  litera- 
tiire  only  through  a  small  range  of  temperature-*--^ . 

With  due  allowance  for  the  crudeness  of  this  first  approximation,  and  for  a 
number  of  factors  which  have  yet  to  be  considered,  one  can  draw  two  firm  con- 
clusions: 

a.  It  would  be  feasible  to  use  Xenon  as  the  working  fluid,  over  the 
entire  temperature  range  from  T^  =  8OO  °K  to  T2  =  170  'tc.  Pressxires 
would  be  easily  manageable  throughout  the  cycle. 

b.  Xenon  cotild  be  used  in  this  way,  and  the  cycle  would  still  belong, 
technically,  to  the  "Ranklne  cycle  with  superheat"  classification; 
but  the  importance  of  the  superheat  portion  would  be  far  greater  than 
usual.  Indeed,  during  the  heat  input  portion  of  the  cycle  the  entire 
action  takes  place  at  constant  pressvire,  not  constant  temperature, 
and  the  result  is  something  more  like  the  Brayton  cycle  than  the 
Ranklne  cycle. 

In  consequency  of  item  (b)  above,  the  Xenon  cycle  wo\ild  be  considerably  less  ef-  - 
ficlent  than  a  Carnot  cycle  between  the  same  temperature  limits.  In  figure  3B, 
the  eurea  IJKL,  corresponding  to  heat  added,  is  roughly  trapezoidal.  Comparison  - 
of  area  IJKL  (using  the  trapezoidal  approximation)  with  area  of  he'at  rejection.. 
LIML,  leads  to  an  estimate  of  thermodynamic  efficiency  of  65^.  Even  this  may  be 
optimistic,  for  the  area  IJKM  is  not  exactly  a  trapezoid.  Undoubtedly,  60^  would 
be  a  better  figure. 
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COMPOSITE  CYCLES 

There  is,  of  course,  a  classic  solution  to  the  problem  of  ankiog  the  ftM*1n^ 
cycle  approximate  the  Carnot  cycle,  when  the  temperature  range  is  wide:  the 
binary  vapor  system.   In  the  present  situation,  it  is  natural  to  tlili^  of  & 
binary  vapor  cycle,  wherein  Xenon  would  be  the  low  temperature  flnld.  "Hie 
high  temperature  fluid,  ideally,  should  be  one  having  a  vapor  pressure  of 
seme  25  to  75  atmospheres  at  a  conservative  maximum  tonperature  (  /vr  800  *T.) 
and   about  1  atmosphere  at  a  reasonable  temperature  for  transfer  of  beet  to  Xenon, 
preferably  somewhere  below  290  °K,  the  Xenon  critical.  It  quidcly  becomes  erl- 
dent,  however,  that  no  single  fluid  can  meet  these  criteria.  Mercary  and  the 
alkali  metals  satisfy  the  high  temperature,  but  not  the  low  temperature  require- 
ment. The  reverse  is  true  for  NH,,  SO  ,  and  other  conmon  refrigerants. _ 

Steam  is  a  possibility,  although  the  high  critical  pressure  is  a  decided  dis- 
advantage. Among  the  many  advantages  are 

a.  Mature  state  of  the  art 

b.  Possibility  of  finding  ice  deposits  at  the  lunar  poless^^'  ^9 

Indeed,  whether  or  not  ice  is  found  on  the  moon,    it  is  obvious  that  a  IxBar 
colony  must  have  water;    if  the  power  station  can  utilize  a  material  wbit^  will 
necessarily  be  present  ajiyway,  the  logistics  and  supply  problems  will  become 
simpler  by  seme  amc5unt .      In  fact,    one  might  envision  a  scheme  whereby  the  use 
of  steam  In  the  power  plant  is  Integrated  with  the  "dcmestic"  use  of  water  by 
the  lunar  colony.     The  thermodynamic  boil-expand-condense  cycle  faeccaes  then 
the  purification  (distillation)   cycle  necessary  for  re-use  of  water  by  the  life 
support  system  (just  what  a  good  power  engineer  would  normally  wish  at  all  costs 
to  avoid) .     To  follow  up  on  this  possibility,   one  would  of  course  taa^re  to  design 
the  boiler  in  a  special  way,  to  permit  the  continuous  or  shart-tei»-peri€)dic  re- 
moval of  the  impurities  In  the  feed  water.     It  has  been  shown  by  Kooikoff^O 
that  a  partially  closed-cycle  physico-chemical  ecology  caui  be  devised  wherel^y  an 
initial  supply  of  water  is  not  only  maintained,  but  slowly  increased,  due  to  in- 
direct recovery  of  the  water  present  in  foodstuffs,   provided  these  latter  are 
continuously  supplied  In  open  cycle  fashion.     Since  a  pioneer  moon  colosar  will 
probably  need  to  utilize  partially  closed  systems  at  first,  before  it  becanes 
feasible  to  switch  over  to  a  fully  closed  system,  there  could  be  built  up,  , 
during  the  early  stages  of  lunar  colonization,  a  reseirve  of  wa$er  which  mi^^ 
become  available,  at  the  proper  time,   for  use  in  the  electric  power  plant. 

In  view  of  all  that  has  been  said  about  free  solar  energy,  and  the  reasonahly 
high  efficiency  of  the  supercritical  X«non  Ranklne  cycle,   it  may  be  somewhat 
academic  to  push  further  in  th«  SMirch  for  a  composite  cycle,  eB(pl(qrli«  dif- 
ferent substances  in  tuch  a  way  as  to  realize  the  alassic  Raunklne  cycle  pattern 
on  the  temperature-entropy  diagram.     &uch  a  search,    Indeed,  leads  to  a  qiMter- 
najry  vapor  cycle.     Table  I  affords  a  synoptic  view  of  toBiper«t\ire  and  pressure 
relations  which  could  hold  for  «  k-fiixid  §Y§t9a,  utlllllng  wrcury,  water, 
•■■onla,  and  xenon. 


Solar  energy  would  be  used  directly  to  boil  the  nercury,  at  noderate  pressure 
and  conservative  teaqierature,  also  to  superheat  the  Mercury  sli^tly.     The  super- 
heat serves  to  aaeliorate  the  erosion  problea^^;  aoreover,  as  will  be  seen   In  the 
section  on  the  section  on  the  solar  boiler,    it  is  pixibably  easier  to  design  for 
superheat  than  for  saturation.     The  superheat  called  for  in  Table  1  is  very 
slight,  thus  avoiding  the  materials  problesss  associated  with  high  temperatures. 
One  might  prefer,   bowever,  to  go  to  sanewtaat  higher  tesnperatureB  to  prevent  con- 
densation of  mercury  within  the  tuihine. 

In  either  case  the  mercury  exhausted  from  the  turbine  Is  condensed  at  a  tempera- 
ture convenient  for  boiling  water.     The  action  takes  place  In  a  heat  exchanger 
wherein  pressures  cm  both  sides  are  r^ulated  to  maintain  an  U  ^  ten^rature 
difference  between  ccmdensing  mercury  and  boilii^  vater. 

The  resulting  saturated  steazi  is  delivered  to  a  separate  solar  furnace,  where  it 
acquires  several  hundred  degrees  of  superheat.     It  then  expands  through  a  turbine 
to  a  temperature  not  far  above  that  which  vill  normally  be  maintained  in  the 
living  spaces  of  the  colony.     Heat  of  condensing  steam  serves  to  boll  the  »iinmonia. 
Saturated  HHo  vapor  takes  on  superheat,   expands  througji  a  turbine  to  a  tempera- 
ture well  below  the  critical  for  Xenon,  where  once  again  the  condensation  of  the 
spent  vapor  boils  the  lower  tenqjerature  liquid,  and  the  final  stage  goes  through 
the  superheat,  ezpansi<m,  and  condensation  steps. 

"Hie  system  just  described  Is  indeed  a  complicated  monstrosity,  and  certainly 
would  not  be  adopted  merely  for  the  sake  of  conserving  sun  pover   (which  is  going 
to  be  wasted  anyhow,    in  one  way  or  another) .     The  only  real  Justification  for 
considering  the  quaternary  vapor  cycle  lies   In  the  possibili.ty  "that  by  its  very 
complexity  it  may  serve  a  number  of  auxilliary  functions  (temperature  control, 
process  heating,   refrigeration,  distillation,  etc.)   for  the  colony.     A  highly 
sophisticated  control  system  might  allow  for  both  heating  and  cooling  by  dl- 
versicm  of  the  aj^ropriate  fluids,   at  the  right  places  in  the  cycle.     Such  heating 
and  cooling  would  constitute  an  efficient  use  of  power  resources,   since  the  beat 
transfer  would  be  always  into  a  fluid  which  needed  to  pick  up  heat,   or  out  of  a 
fluid  i*hich  needed  to  lose  heat,    jn  the  normal  pro  cess  of  operation  of  the  cycle. 

Finally,    it  nay  be  remarked  that  the  complexity  of  the  quaternary  system  does 
not  necessarily  imply  low  reliability-     On  the  contrary,   its  reliability  could 
be  greater  than  that  of  a  single  fluid  system  by  the  addition  of  a  few  relatively 
sijig)le  provisions  for  operation  in  alternate  (degenerate)  modes.     Standby *^oops 
would  i»ed  to  be  provided,  such  that  the  hl^jher  temperature  fluids  could,    in 
emergency,  flow  through  condensers  radiating  to  space .     Such  an  arrangement  vouM 
cost  very  little  additional  because  of  the  smaller  radiator  area  needed  for  the 
hgiher  temperature  fluids.     Similarly,   provision  would  have  to  be. made  for  utiliza- 
ticn  of  the  superheaters.    In  emergency,    in  place  of  the  heat-exchange  boilers - 
So^iistlcated  control  would  be  necessary;  but  the  principle  is  straightforward. 
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SOLAR  COLLECTORS 

General  principles  of  solar  collectgr  design  are  well  understood,   and  have  been 
reviewed  in  recent  literature.  17,22    parabolic  or  paraboloidal  reflectors  would 
be  preferable  to  lenses.     The  reflectors  could  be  fabricated  on  the  moon,   of 
light  weight  material;   lenses  might  have  to  be  lifted  from  earth.     Moreover,   the 
pitting  of  lenses  by  meteorites  could  be  a  problem.     Parabolic  reflector  sur- 
faces would  also  be  vulnerable  to  meteorite  puncture;  but  in  the  case  of  these 
latter,  the  degradation  rate  would  undoubtedly  be  slower,   and  the  difficulties 
of  repair  less  severe. 

Mackay-^7  has  suggested  an  array  of  parabolic  cylinders,   each  with  its  own  boiler- 
tube  in  the  focal  line.     The  entire  array  is  caused  to  move  as  a  unit,  facing 
the  sun;  turbine,  pump,  radiator,   and  all  accessories  are  mounted  upon  the  single 
unified  structure. 

In  the  larger,  more  complex  and  more  permanent  installation  presently  under  con- 
sideration,  it  would  not  be  feasible  to  moiint  everything  together.     Instead,   the 
design  represented  in  figure  5  is  suggested.     This  design  would  be  appropriate 
to  serve  the  heat- input  portion  of  the  Xenon  Rankine  cycle  described  earlier, 
and  with  some  modification  would  be  applicable  to  other  cycles. 

The  boiler  tubes  stand  vertically,   in  a  bundle,  at  a  point  which  is  the  center 

of  symmetry  in  the  plan  view.     These  tubes  would  not  have  to  rotate.     The  plumbing 

could  be  simple  and  permanent . 

Closely  sxirrounding  the  bundle  of  tubes  there  would  be  a  cylindrical  shell,   to 
control  radiation  entering  and  leaving  the  tube  assembly.     This  shell  serves  to 
block  radiation  from  the  tubes  outward  into  space.     There  is,  however,  a  rela- 
tively narrow  slit  rurming  up  and  down  the  length  of  the  shell.     This  slit  per- 
mits entry  of  radiation  from  the  mirror,  and  also,  unavoidably,   permits  re-radiation 
outward  from  the  tubes.     The  cylindrical  shell  must  rotate  with  the  apparent  motion 
of  the  sun,  the  slit  always  facing  directly  away  from  the  sun,  toward  the  reflector. 

The  mirror  would  consist  of  highly  reflective  foil  material  in  a  layered  con- 
struction, mounted  upon  a  structiiral  frame.     The  structural  frame,    in  turn,  would 
rest  upon  a  circulsu?  track,  upon  which  the  entire  assembly  could  roll.     A  simple 
optical  sensor  would  govern  the  motion  of  the  assembly,  maintaining  the  axis  of 
the  parabolic  reflector  in  constant  alignment  with  the  incoming  rays  from  the  s\in. 

Geometrically,  the  mirror  would  consist  of  two  parts,   the  lower  part  being  a 
parabolic  cylinder  and  the  upper  part  a  matching  paraboloid  of  revolution.     Focal 
length  would  of  co\ir8e  be  the  same  for  the  two,  and  would  be  slightly  less  than 
the  distance  from  the  vertex  of  the  parabola  to  the  center  of  the  boiler  tube 
structvure.     The  focal  line  (for  the  parabolic  cylinder)  and  the  focal  point  (for 
the  paraboloid)  would  lie  Just  inside  the  slit  in  the  radiation  shielcT  which  en- 
closes the  tube  assembly. 
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In  operation,  the  pressurized  Xenon  would  be  pumped  in  at  the  bottom  of  the  tube 
structure  and  vould  slowly  rise,  expanding  and  picking  up  heat  in  the  process. 
Since  the  concentration  ratio  is  higher  for  the  paraboloidal  than  for  the  para- 
bolic reflector,  the  highest  temperatures  occur  at  the  top.  There  would  be  a  steady- 
flow  of  heat  from  the  top  downward  along  the  tubes,  the  heat  also  draining  into 
the  fluid,  along  the  length  of  the  tubes.  The  gas  itself,  upon  reaching  the  top 
of  the  structure  and  acquiring  there  its  maximum  temperature,  would  then  be  forced 
to  flow  downward  in  a  well  insulated  tube  placed  in  the  center  of  the  butndle. 
Turbine  is  located  underground,  preferably  close  to  the  above  described  solar  fur- 
nace assembly. 

Suppose  the  dimensions  of  the  mirror  to  be  as  follows: 

20  meters,  width  of  shadow 

30  meters,  height  of  cylindric  elements 

20  meters,  diameter  of  rim  of  paraboloidal  crown.        :  ,  ,. 

Total  projected  area,  available  for  trapping  sunlight,  wovild  then  be  818  square 
meters,  minus  some  small  amount  due  to  the  shadow  of  the  absorber.  At  139*+ 
watts/meter^,  this  comes  to  /^    ll40  kw  gross  energy  input  from  the  sun.   Only 
a  portion  of  this  energy  can  be  transferred  to  the  working  substance,  depending 
initially  on  such  factors  as 

C,  the  concentration  ratio 

=  radiant  flux  density  received  by  absorber 
radiant  flux  density  impinging  on  concentrator 

Nq,  the  concentration  efficiency 

=  radiant  energy  entering  slit 

radiant  energy  impinging  on  concentrator 
and  also,  eventually,  upon  the  temperatiire  relationships  existing  between  the 
absorber  surfaces  and  the  working  fluid.  The  concentration  ratio  depends  es- 
sentially upon  the  rim  angle  0   (73°>  in  our  suggested  design)  and  the  width 
of  the  slit.  A  concentration  ratio  of  100  should  be  attainable,  without  undue    22 
difficulty,  in  that  portion  of  the  system  wherein  the  focussing  is  two  dimensional  . 
In  the  "crown"  portion,  with  3  dimensional  focussing,  one  can  obtain  concentra- 
tion ratios  far  higher  (  >•  15,000),  with  correspondingly  high  temperatures,  if  ,  ::C 
necessary.  It  is  desirable,  however,  not  to  go  to  extremely  high  temperatures  — 
not  only  on  account  of  materials  limitations,  but  also  to  keep  the  re-radiation 
losses  to  a  reasonable  level.  Temperatures  shoxild  be  just  high  enough  to  make   *, 
for  effective  heat  transfer  from  tube  walls  to  fluid. 

In  the  proposed  design,  the  cylindric  part  of  the  system,  by  itself,  could  operate 
at  660  °K,  (with  the  working  fluid  draining  away  80^  of  the  available  heat)  or 
as  high  as  8OO  °K  (with  only  50^  of  the  available  heat  being  transferred  to  the 
fluid) .  Since  in  the  proposed  design  there  would  be  an  extra-high  temperature 
hot  spot  at  the  top  of  the  assembly,  temperatures  down  the  length  of  the  tube 
would  be  influenced  accordingly.  Exact  analysis  of  system  efficiency  would  best 
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be  acccmplished  by  a  computer,   considering  the  varying  tesperatures  and  gas  den- 
sities frcm  point  to  point  in  the  flow  line.     However,   in  view  of  the  flexibility 
resulting  from  the  ccnibination  of  2  dimensional  and  3  dlaensl<nial  focussing,  it 
seems  altogether  reasonable  to  expect  an  overall  efficiency  (gain  in  enthalpy 
divided  by  solar  input)  not  far  below  the  wftTlimiii  considered  by  Mackay,!?  say, 
about  80^.     This  leads  to  a  figure  of  910  KV  input  to  the  the:niodynamic  cycle, 
which  in  turn  would  break  doim  to  sonething  like 

480    Kw    useful  output 
400    Kw     rejected  in  radiator 
30    Kw    miscellaneous  losses 

Reviewing  the  above,   one  might  raise  the  question  of  scaling  either  up  or  down 
in  capacity  rating.     Especially  might  one  l»e  interested  in  the  possibilities  in 
the  upward  direction.     Since  the  reflector  has  to  be  mounted  upon  a  slowly  rotating 
platform,  there  is  indeed  a  practical  upper  limit  to  its  size  and  weight,   even 
after  all  allowances  are  made  for  low  gravity  and  the  absence  of  weather.     The  al- 
ternative of  using  a  number  of  solar  furnaces,   each  of  moderate  size,  has  draw- 
backs also.     Two  or  more  furnaces  placed  in  proximity  to  one  another  would  introduce 
the  problem  of  shading .     Yet  they  could  not  be  scattered  far  apart,   and  stay 
essentially  at  the  crest  of  a  single  peak.     Conceivably,   one  may  find  a  small, 
high  crater,   near  the  pole,  with  walls  fairly  even  all  around.     Using  such  a  forma- 
tion, one  might  possibly  mount  smeill  furnaces  at  intervals  about  the  rim,  tolerate 
a  certain  amount  of  shading,  and  use  the  floor  of  the  crater  for  the  radiator. 
Eventually,   however,  this  question  will  have  to  wait;  our  present  knowledge  will 
take  us  just  so  far. 


HEAT  REJECTIOH 

To  radiate  heat  at  170  °K,  at  the  rate  of  400  Kw,  woiad  require  an  enormous  emit- 
ting surface. 

Area  =  lK)0(l03)/cr-'  ^      {"^2     -  "^o  ^  ■  =^ 

With  suitable  choice  of  units,  the  radiator  area  somes  out  in  square  meters:  , 

Tg  =  170  °K 
Tq  =  30  °K  ' 


Cr      =  5-67(10-8)  wattsAm^)  (Or) 
^   =0.95  emlssivity,  dlmenslonless 
Area  =  8,900  square  meters 


^^^ 


To  build  a  radiator  covering  2  acres  of  territory  in  a  lunar  crater  would  indeed 
be  a  formidable  undertaking,  although  not  really  far  out  of  line  with  the  cobx 
and  difficulties  elsewhere  in  the  proposed  power  project.  One  could,  of  course, 
cut  the  radiator  area  in  half  by  working  at  200  °K  instead  of  170  °K.  Indeed, 
the  practical  answer  nay  lie  in  this  direction.  Meanwhile,  however,  any  pos- 
sibility of  a  reasonable  alternative  should  be  explored. 

In  the  absence  of  liquids  on  the  moon,  the  prospects  are  not  bright.  If,  how- 
ever, it  turns  out  that  thermal  conductivity  of  surface  layers  in  the  shadowed 
craters  is  higher  than  expected,  one  might  unload  some  part  of  the  heat  by  con- 
duction. The  heat  thus  tremsmitted  to  the  ground  would  still  have  to  radiate 
away,  at  the  characteristically  slow  rate;  but  one  could  at  least  economize  some- 
what on  the  cost  of  tubes,  fins,  and  working  fluid  to  fill  the  tubes. 

Other  schemes  can  doubtless  be  thought  of,  whereby  btOk  material  on  the  moon's 
surface  can  be  caused  to  absorb  heat  at  low  temperature.  For  example,  a  mining 
operation  might  involve  sifting  or  sieving  of  powdery  or  granular  material.  Just 
possibly,  the  temperature  differential  of  50  degrees  or  better  could  be  txirned 
to  account,  in  those  situations  where  the  material  would  have  to  flow  In  a  trough 
or  conveyor  channel.  The  possibility  of  finding  ice  deposits  in  shadowed  areas 
has  already  been  mentioned.  Either  alone  or  in  combination  with  other  materials 
the  ice  might  be  caused  to  pick  up  heat  from  condensing  xenon,  as  a  preliminary 
to  other  steps  in  transporation  or  processing.  Once  again,  we  seem  to  have  run 
onto  a  problem  where  little  headway  can  be  made  until  people  have  landed  on  the 
moon  and  begun  the  work  of  exploration- 

RECAPITUIATION 


Main  conclusions  are  summarized  below:   » 

1.  A  physical  situation  unique  in  the  solar  system  is  found  in  the  rugged 
terrain  of  the  lunar  polar  regions . 

2.  This  special  situation  prompts  the  consideration  of  a  special  kind  of  ele- 
ctric power  generating  station,  such  as  would  be  Impossible  elsewhere. 

3.  High  theoretical  efficiencies  can  result  from  the  immediate  proximity  of 
perpetual  s\mlight  and  perpetual  shadow;  but  the  endeavor  to  capitalize 
on  this  resource  leads  to  serious  practical  difficulties  in  the  design  of 
collectors  €uid  radiators. 

4.  Xenon  has  properties  which  make  it  a  very  desirable  working  fluid  for  a 
heat-engine  cycle,  especially  if  the  lower  end  of  the  available  tempera- 

•   tvire  spectrum  i%  to  be  exploited.  Other  rare  gases,  alone  or  in  combina- 
tion, should  also  be  considered. 

5.  Design  of  the  special  power  station  can  and  should  be  strongly  influenced 
by  the  possibility  of  integrating  the  power  requirement  with  other  require- 
ments, ecological  and  industrial,  of  the  colony. 
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The  search  for  feasible  solutions  to  design  problems  leads  at  once  into 
areas  wherein  present  knowledge  is  grossly  insufficient .  Anything  like 
a  design  optimization  effort  lies  quite  a  few  years  ahead. 
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Table  1 
Quatemary  Vapor  Bfutmm 
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Temperaturflia  are  in  degraaa  K,  flvat  Uae,  and  in 
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T-  "  boiliac  temperature 


F,  (mo«m1Um). 
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'S 


auperheat  t—tperatwape 


T2  =>  exhauat  (ccmdenaation)  temperature 
P^  s  inlet  preaaure 
Pa  >  axhaast  preaaure 
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Saturated  Liquid  Line  for  Krypton 
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Saturated  Liquid  Line  for  Xenon 
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Comparison  of  Rankine  Cycles 
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ASALXSIS  OF  PRESSURE  AND  FLOW  OSUUBIEBTS 
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Abstract 

Otoe  occurrence  of  pressvtre  and  flow  fluctuations  in  fluid  flow  systems  with 
beat  addition  has  been  noted  in  many  Isolated  instcmces.     Under  certain  conditions 
S  of  local  boiling,  which  includes  a  hoiling-like  mechanism  at  super-critical 
pressures.  Intense  sounds  and  mechanical  vibrations  can  be  generated.     A  mechanism 
for  these  fluctuations  is  derived  based  on  fundamental  consideratioas.     A  large 
change  in  density  with  enthalpy,  such  as  occurs  at  a  liquid  to  vapor  ptaase  change 
point  or  in  the  super-crltictO.  region,  will . introduce  a  flow  transient.     Changes 
In  the  frictiooal  resistance  to  flow  can  also  Initiate  a  transient  condition. 

■  ../•••,  ■ 

Introduction 

Interest  in  utilizing  convective  regenerative  heating  of  liquid  rocket  fUels 
has  focused  attention  on  this  type  of  heat-transf er .  Fbr  several  of  the  hydro- 
carbon fuels  such  as  RP-1  and  for  para -hydrogen,  this  involves  heat-transfer  In 
the  reglOQ  of  the  thermodynamic  critical  temperature  at  critical  and  sv^percritlcal 
pressuires.  lieports  of  several  investigations  to  determine  heat- transfer  coeffi- 
cients in  this  region  contain  references  to  severe  pressure  and  flow  oscillations 
under  certain  operating  conditions.  Attospts  to  explain  these  phenomena  have  not 
been  successful  to  date.  In  this  paper  is  proposed  the  mechanism  for  the  pressiure 
and  flow  oscillations  based  on  a  one-dlmenslonal  model  of  the  dlabatic  flow  system. 

Two  cases  where  heat  transfer  to  fluids  in  the  thermodynamic  critical  region 
is  encountered  are:  the  operation  of  a  fluid  flow  system,  parliicularly  a  natural- 
circulation  system  near  the  critical  point,  is  desirable  because  of  the  large  heat 
capacil^  and  large  density  gradients  that  exist  in  this  region;  and,  the  fluid 
passes  through  the  critical  region  as  It  is  being  heated  in  a  super- critical 
pressure  system.  An  exaiiple  of  the  second  case  is  the  convective  regenerative 
heating  of  liquid  propellants  at  the  rocket  nozzle  such  as  the  RP-1  fuel  mixture   .^ 
or  hydrogen. 

Tbts   occurrence  of  pressure  fluctuations  severe  enough  to  induce  mechaiilcal 
vibration  of  the  tube  and  subsequent  rupture  has  been  reported  in  several  papers. 
Hines  and  Wolf^  in  a  study  of  the  pressure  fluctuations  encountered  in  a  dlabatic 
flow  of  RP-1  and  Diethylcyclcdiexane  (ISCH)  at  supercritical  pressures  reported 
fluctuations  in  pressure  of  38O  psl  peak  to  peak  with  frequencies  in  the  range  from 
IXXX)  to  10,000  cpa.  The  vibration  was  very  destructive  to  thln-walled  tubing-  In 
tests  with  thick-walled  tubing,  similar  pressure  fluctua'tlaaB  were  measured  but 
the  tubes  were  able  to  resist  the  effect  of  the  mechanical  sta-esses.  Ilielr  paper 
■entions  several  similar  occurrences  reported  In  the  literature. 
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In  a  documentation  of  boiling  songs  and  associated  mechanical  vlbratiQos  of 
water  systons  with  heat  addition,  FlrstenbergS  reported  the  results  of  Infannl 
Interviews  with  various  researchers  in  which  boiling  songs,  mechanical  vibrations, 
and  pressixre  fluctuations  were  discussed.  Several  of  the  conclusions  reached  vere: 

1.  Under  certain  conditions  of  local  boiling,  \rtiich  includes  a  bolling-llke 
mechanism  at  supercritical  pressures,  intense  sounds  (boiling  songs)  giVi  mechanical 
vibrations  can  be  generated. 

2.  The  occurrence  of  these  intense  sounds  and  mechanical  vibrations  are 
intimately  related  to  the  operating  conditions  in  the  heater. 

3.  Kie  boiling  songs  and  associated  vibrations  are  accompanied  by  large- 
amplitude  pressure  and  flow  fluctuations,  although  such  fluctuations  may  occur 
without  the  generation  of  sounds  or  vibrations. 

k.     The  occurrence  of  boiling  songs  and  associated  vibrations  appears  to  be 
confined  to  local  (subcooled)  boiling  systems.  There  has  not  been  a  recoiled 
occurrence  of  these  phenomena  in  bulk  boiling  (net  vapor  generation)  systems. 

^.  The  unusual  phenomena  result  from  pressure  waves  and/or  flow  fluctuations 
which  Induce  variable  heat  transfer  in  the  system.  The  variability  in  the  heat- 
transfer  rate  and  energy  dlssipetion  of  the  pressure  wave  results  in  the  Intense 
sounds  and  vibrations. 

In  the  Evaaiary   it  was  concliided  that  the  severity  of  the  vibrations  and 
intensity  of  the  sounds  indicate  a  possible  limiting  condition  for  some  boiling 
systems.  Because  of  other  more  Immediate  needs  in  cases  where  these  phenomena 
were  observed,  they  were  considered  to  constitute  a  nuisance  condition,  and  thus, 
were  not  investigated  systematically.  It  was  recommended  that  scane  systematic 
investigation  of  these  phenomena  be  initiated,  directed  at  obtaining  an  under- 
standing of  the  cause  and  effect  relations,  emd  discovering  methods  for  eliminating 
the  occurrences. 

3 
Goldman  in  a  report  of  heat-transfer  experiments  to  supercritical  water>at 

5000  psia  distinguished  between  heat  transfer  without  "whistle"  or  a  "normal" 

mode  and  heat  transfer  with  "whistle".  The  frequency  of  the  whistle  sound  varied 

from  about  lUOO  cps  to  2200  cps.  Inlet  temperature  appeared  to  have  the  greatest 

effect  on  frequency.  Pressure  had  little,  if  amy,   effect  on  the  frequency.  A 

system  pressure  increase  of  about  50  psl  occurred  at  the  onset  of  the  whistle  sound. 

Morgan  and  Brody  discuss  the  term  "geysering"  as  applied  to  missile  appli- 
cations, llie  term  "geysering"  is  applied  to  the  specific  phenomenon  that  occurs 
in  a  liquid  system  when  a  coltmn  of  liquid  in  long  vertical  lines  is  expelled  by 
the  release  of  vapor  at  a  rate  in  excess  of  that  rate  which  may  occur  as  a  normal 
function  of  bubble  release.  This  is  also  known  as  slug  flow  or  the  "coffee  percolator 
effect . 

The  result  is  an  expulsion  of  liquid  from  the  v-ertical  line.  Refilling  the 
line  by  gravity  action  from  a  storage  tank  above  the   '•"  results  in  a  pressure 
surge  analogous  to  water  hammer.  The  pressure  surges  so  produced  can  be  veiy 
large  and  damage  to  feed  lines,  valve  supports,  and  line  supports  as  result  of 
geysering  is  a  common  occurrence. 

An  effective  solution  to  this  problem  was  to  run  two  lines  from  the  liquid 
tank  to  the  engine  with  an  interconnecting  line  at  the  lower  end.  When  one  of  the 
lines  is  insulated,  a  cold  leg  results  and  a  natural- circulation  is  established. 
The  resulting  flow  was  sufficient  to  prevent  the  heat  input  in  the  uninsulated  leg 
from  vaporizing  the  fluid. 

Plow  and  pressure  oscillations  in  a  liquid-oxygen  system  of  the  Saturn  Booster 
rocket  have  been  reported  by  Piatt  and  Wood?.  The  oscillations  occurred  in  the 
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Initial  startup  of  an  evaporatar  designed  to  st^plor  gi&seaus  axjgea.  to  the  fuel  tank 
for  piessurizatlan  Iqr  ewtparatlng  liquid  oxygen.     Pressure  oeclllated  ty  as  ■ucfa 
as  *  300  pel  at  a  frequency  of  1/3  cps  with  the  flow  stopping  in  the  vorst  cases, 
laplitude  diminished  with  tl»B  to  -  50  psi  in  the  first  30  to  60  sec  of  the  test 
run. 

Bie  occurrence  of  pressure  and  flow  fluctuations  In  the  cooGL-dowi  of  a 
etjugeuic  systea  is  discussed  hy  Brcoson,  et  al  .     Cbol.-dc»n  tlae  was  flrftned  as 
the  tlae  Interval  between  Introduction  of  1  Iqiild  hydrogen  into  a  wbzb  dypsenic 
aystea  and  the  appearance  of  a  continuous  flow  of  liquid  at  the  dlsdiaEse  end 
of  the  system.     During  experlaents  to  aeasure  the  cMxxL-doim  tlae,  the  presanre  was 
foond  to  undezgo  periodic  fLuctuatiaos  with  a  variahle  freqneni^.     A  aodel  van 
presented  to  calculate  the  frequency  of  the  pressure  fljuctoatiaos. 

In  the  first  test  run  of  a  KIHI-Hl  reactor  at  power  with  liqnld-Uydrqgeu 
propellant,  severe  hydrogen  pressure  fluctuations  were  oibserved  at  the  poip  outlet 
early  in  the  startup  cycleT.     It  vas  believed  that  these  fluctuations  resulted  Tram 
an  unchilled  hy-pass  line  at  -Qie  j^j^  cutlet. 

8 
Lewis,  Goodykoontz,  and  Kline     In  a  study  of  boiling  heat  transfer  to  liquid 

hydrogen  report  that  under  soae  operating  conditians  fluctuations  of  pressure 

and  flow  becoae  uncontrolled. 

I  This  paper  presents  a  hypothesis  on  the  nature  of  the  driTing  aechanisa  of 

|:      the  pressure  and  flow  oscillations  based  on  deductions  froa  the  conserration 
I       equations  and  the  equation  of  state.     It  will  be  shown  that  the  relationship  of 
I       thetaodynamic  properties  in  the  critical  region  or  at  a  phase  change  point  are 

very  conducive  to  flow  and  pressure  oscillations.     The  analysis  is  valid  for  either 
forced  or  natural-circulation  flov.     FLots  of  the  similar  -Uieraodynaaic  character- 
istics of  water  and  Freon-ll'f  are  presented. 


Analysis 

The  flow  system  to  be  considered  consists  of  a  constant  area  tube  throu^ 
which  a  fluid  is  flowing  either  by  forced  or  natural-circulation.     A  ooe- 
dlaensiooal  approxlaation  Is  made.     laws  of  conservation  of  aass,  mameatxm,  and 
energy  are  written  which  describe  the  fluid  flow  ttarou^  such  a  tube.     The  density 
is  evaluated  as  a  function  of  enthalpy  alone  at  soae  reference  pressure.     TWo 
ei^ressians  are  obtained  idiich  describe  the  mass  velocity  in  this  aystea.     Otae 
expression  describes  the  local  change  in  mass  velocity  as  a  function  of  the  heat 
input  and  theraodynamic  coodltlon  of  the  fluid.     "Die  second  expression  describes 
the  time  variation  of  the  mass  velocity  produced  by  the  interaction  <^the  pressure 
drop  with  the  local  change  in  mass  velocily^.     It  is  shown  that  the  thmndynaaic 
condition  of  the  fluid  conducive  to  large  local  changes  in  aass  velocity  with 
heat  addition  are  those  encountered  idien  the  fluid  is  in  certain  portions  of  the 
sii^ercritical  region  or  at  a  liquid  to  vapor  phase  change  point. 

9 
The  ccnservation  equations  for  this  systea    can  be  written 

dpM  +  3G/da  =  0  (1) 

(ao/dt)  +  |-  (G^/p)  =  -dp/dz  -  f_G_G  -   pg,  (2) 

■    ■-■..  adp  :Wr:'- 
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and       '^ 

p(ah/dt)  +  G(ah/az)  =  q/a  +  [dp/at  +  ^  (Sp/azD+  Hd^     ^3) 

An  equation  of  state  of  the  form  • 

P  =  P(h,p*).  (1^) 

is  used.     This  Equation  states  that  the  density  can  be  evaluated  as  a  function  of 
enthalpy  alone  at  some  reference  pressure  and  its  validity  depends  on  the  major 
effect  of  heat  transfer  being  a  change   in  enthalpy.      This  simplifies  the  analysis 
considerably  without  eliminating  the  basic  driving  mechanism  of  the  flow 
oscillation  and  pressure  f luctiiations . 

Neglecting  the  effects  on  enthalpy  rise  rates  of  dissipation  and  pressure 
changes  with  space  and  tlmej     Eq.    (3)  can  be  written 

p(dh/dt)   +  G(ah/az)  =  Q/A  (5) 

In  the  equation  of  state  density  is  not  a  function  of  pressure,  hence,  this 
model  does  not  permit  compression  with  increases  in  local  pressure.  This  means 
that  local  pressure  and  velocity  disturbances  are  propagated  st  the  speed  of  sound 
evaluated  at  the  reference  pressure  of  the  fluid.  A  physical  model  is  a  string 
of  beads  moving  along  at  some  uniform  velocity.   If  suddenly  one  of  these  beads 
expands  to  twice  its  linear  length,  all  of  the  beads  are  accelerated  along  the 
length  of  the  string.  The  momentimi  equation  must  therefore  be  integrated  over  the 
entire  tube  length  and  is  used  to  represent  the  behavior  of  the  average  mass 
velocity,  TJ,  only: 

(dG/dt)  =  (1/L)  (tP-F)  (6) 

where  t 

G  =  (l/L)     Gdz  (7) 

Jo;; 

AP  =  available  driving  pressure  and  the  total  resistance  to  fluid  flow,  F,is 

F  =  (^)  ,,-(—).,  ^  +    ^  ^  ^  dz  +    pgdz.         -   (8) 
^p  'exit   ^p  'inlet   j     d  p      |o 

The  mass  velocity,  G,  is  a  function  of  z  and  t.   Therefore,  it  is  desirable  to 
obtain  explicit  expressions  for  these  relationships.  .  Combining  the  equation  of 
state  and  the  continuity  equation,  Eq.  (k)   and  (l),  we  obtain 

(ap/dt)  =  (dp/dh)  (Sh/dt)  =  -  (ac/Bz)  (9)  .? .  .  ?:^;v 

Eliminating  (Sh/dt)  in  Eq.  (5)  and  (9)  gives  :,"«  ^  ,;  ^rV^:  V 

(ao/az)  =  (i/p)  (dp/dh)   G(ah/az)  -  q/a       ...•'.■'.;,•  (lo) 

nie  momentum  equation,  Eq.  (6),  is  repeated  here  for  continuity  of  thought  in  tlie 
succeeding  discussions  •    '    ■ 
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(dG/dt")  =  (l/L)   (AP-F)  (11) 

The  simultaneous  solution  of  Eqf?.    (lO)  and  (ll)  would  yield  the  avera-ge  mass 
velocity  in  the  fluid  flow  system  as  a  function  of  time.      It  is  possible,  however, 
to  obtain  a  quantative  picture  of  the  flow  behavior  by  examination  of  Eqs.   (lO) 
and  (ll). 

Since  the  driving  force  for  the  flow  and  pressiire  oscillatlonB  in  the  system 
being  considered  is  the  heat  input,  we  first  examine  Eq.    (lO).     The  term  dp/dh 
will  always  be  negative  for  the  fluids  of  interest  in  this  type  of  heat  transfer. 
In  addition  the  numerical  magnitude  (dp/dh)  can  be  quite  large  under  cei'tain 
thermodynamic  conditions  to  be  discussed  below.     Thus  we  see  that  if  the  bracket  . 
term  [G(3h/Bz)  -  Q/aJ  is  other  than  zero,  there  will  be  a  local  change  in  mass 
velocity  which  will  interact  with  the  momentum  equation,  Eq.    (ll),  to  give  a 
time  rate  of  change  in  the  average  mass  velocity. 

It  is  of  interest  to  inquire  \uider  what  conditions  the  bracket  term  will  be 
positive,   zero  or  negative.     In  steady  state  conditions  the  heat  input  is  absorbed 
by  the  flowing  fluid,  hence [G(9h/dz)  -  Q/a]=  0.     If  a  change  in  Q  occurs,  the 
equilbrium  balance  will  be  upset.      If  the  heat  capacity  of  the  fluid  vindergoes 
a  change,  then  Sh/az  will  change  also.     Hence  we  see  the  possibility  of 

I&(Sh/9z)  -  Q/a]  being  positive,   negative,  or  zero  and  if  this  difference  is 
multiplied  by  a  large  number,  quite  large  positive  and  negative  values  of  (SG/Sz) 
can  be  obtained. 

The  momentum  equation  contains  the  dan5)ing  terms  which  will  determine  the 
magnitude  of  the  flow  oscillations.     With  sufficient  damping  the  flow  oscillations 
could  be  suppressed  but  this  is  not  a  desirable  operating  condition. 

In  the  thermodynamic  critical  region  or  at  a  liquid  to  vapor  phase  change 
point,  the  conditions  favorable  for  the  postxilated  oscillation  mechanism  are 
present.     Scarcity  of  thermodynamic  data  in  this  region  hamper  extension  to  fluids 
other  than  those  to  be  discussed.     This,  however,   should  point  the  way  to  the  data 
that  mi^st  be  available  for  an  analysis  of  flow  instability. 

One  of  the  conditions  necessary  for  large  changes  in  (9g/9z)  is  a  large 
(dp/dh).     Plots  of  p  vs  h  for  Preon-lll^  and  water  are  shown  in  Figures  (l)  and 
(2).     As  can  be  seen  there  is  a  relatively  narrow  range  of  enthalpies  for  which    '■■ 
this  condition  will  hold.     Since  a  fluid  being  heated  in  this  region  would  enter  ,:; 
the  heated  section  at  an  enthalpy  below  that  for  which  (dp/dh)  becomes  large,        •': 
passing  into  the  range  for  which  (dp/dh)  is  large,  means  that  a  fluid  control 
volimie  experiences  non-uniform  accelerations.     As  the  fluid  enters  the  heater 
section,   it  experiences  a  uniform  acceleration  up  to  the  point  where  (dp/dh) 
changes  slope.     It  then  experiences  a  greater  acceleration  which  means  an 
increase  in  G  and  a  decrease  in  3h/Sz.     If  the  G(Sh/Sz)  product  increases,  then 
[G(dh/3z)   -  Q/aJ  changes  in  value  resulting  in  a   change  in  (dO/dz).     If  the 
damping  in  the  momentum  equation  is  not  sufficiently  large,  there  will  be  sus- 
tained flow  oscillations  as    ^G(Sh/dz)  -  Q/a)J     changes  its  value  and  sign 
periodically. 

Another  condition  which  is  encountered  is  the  change  in  (ah/Sz)  which  is  due 
to  a  large  change  in  heat  capacity  of  the  fluid  in  the  critical  region.     This 
term  can  be  determined  from  a  measured  temperature  distribution  between  the  inlet 
and  outlet  of  the  heater  section  as  is  shown  below: 

dh/az  =   (dh/&T)p(dT/dz)  •'■>•:•--'-'' V^^^^ 
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As  C     =  (Sh/dT)      increases,    (dT/dz)  will  decrease  so  that  the  true  numerical 
magnitude  trend  of  (Sh/9z)  may  be  in  doubt.     Generally  an  increase  in  G  would 
result  in  a  decrease  in  (dh/dz)  but  if  the  fluid  is  in  the  critical  region,   the 
decrease  in  (dh/dz;)  may  be  offset  as  conjectured  previously.     All  that  is  necessary 
to  precipitate  an  unstable  condition  is  that  the  product  of  G(dh/Sz)  change. 


Conclusions 

It  has  been  hypothesized,  based  on  an  examination  of  the  "basic  conservation 
equations  and  the  behavior  of  the  thermodynamic  properties  of  a  fluid  near  its 
critical  state  or  at  a  liquid  to  vapor  phase  change  point,  that  the  mechanism 
for  the  sustained  pressure  and  flow  oscillation  is  due  to  the  fluid  condition 
which  can  be  defined  in  terms  of  a   change  in  slope  of  dp/dh.      It  is  shown  that 
the  change  in  gradient  of  this  slope  is  the  primary  mechanism  for  the  oscillation. 
It  is  conjectvired  that  heat  addition  to  any  fluid  which  exhibits  this  character- 
istic would  result  in  flow  oscillations  provided  that  the  sharp  change  in  the 
(dp/dh)  gradient  occur  somewhere  in  the  heated  section.     Secondary  meclianisms 
such  as  the  change  in  heat  capacity  and  heat  transfer  characteristics  also 
enter  the  picture  as  shown  in  the  combined  state,   energy,  and  continuity  equation. 
The  fact  that  viscosity  is  approaching  or  at  a  minimimi  concurrently  with  the 
primary  mechanism  provides  decreased  damping  for  the  flow  oscillations  through 
the  coupling  with  the  momentvun  equation. 

Further  experimental  work  needs  to  be  done  to  verify  and  refine  this  analysis- 
A  heat-transfer  loop  presently  being  constmcted  at  the  University  of  Oklahoma 
will  be  used  to  check  the  preceding  analysis.     The  oscillation  threshold  of  the 
system  with  four  different  fluids  is  to  be  checked  for  agreement  with  the  analysis. 

Nomenclature 


A         Cross  sectional  area  for  flow,   ft  *  .L«^:,:>3iH.-";^)f' 

J        Total  resistance  to  fluid-  flow  —  composed  of  friction,   elevation,  and 
I"        acceleration  pressure  loss,  Ibf/ft^  '      ,''  ' 

;  -t  ■       /  ^ 

f         Friction  fa'ctor  ^  ,•- 

G         Mass  velocity,   Ibm/sec  ft    ■':■■:';,,,, 

■■■.:.....'.  .'■■■■''  * 
■    ■'    .      ■    ■■      ■■:.                      p 

G         Average  mass  velocity  in  tube,   Ibm/sec  ft 
g         acceleration  of  gravity,   ft/sec 

s 

h         Enthalpy,   Btu/lbm      ;..',-■  '     .,    i;  -  ,    >■ 

L         I'ube  length,    ft. 

I         „  .  t         Time ,   sec . 

p         Static  pressure,  psi 


V*       Reference  pressure  for  fluid  property  evaluation 

Q 


linear  dimension,   ft 


Linear  rate  of  heat  input  to  fluid,   Btu/(sec)(ft)  P         l)cnoity.lbm/ft 

■      339  '"^■'-/,;:  V' 


References 


1.  Hlnes,  W.S.,  and  H.  Wolf,   "PresBure  Oscillations  Associated  with  Heat  Transfer 

to  hydrocarbon  Fluids  at  Supercritical  Pressxires  and  Tempecrature" ,  ABS  Journal 
Vol.   32,  March  I962,  pp.   36I-366. 

2.  Pirstenherg,  H.,   "Boiling  Songs  and  Associated  Mechanical  Vibrations",  Buclear 

Development  Corporation  of  America,  White  Plains,  New  York,  liM-2131-12, 
June,  i960. 

3.  Cioldnan,  K.,   "Heat  Transfer  to  Supercritical  Water  at  50OO  psi  Plowing  at 

High  Mass  Flow  Rates  Hirough  Round  Tubes,"     Proceedings  of  the  I96I 
International  Heat  Transfer  Conference,  Plart  III,  Avigust  I96I,  pp  56I-578. 

U.     Morgon,  S.  K.,  and  H.  P.  Brady,  "Elimination  of  the  Geysering  Effect  in 

Missiles,"    Advances  in  Cryogenic  Engineering,  Vol  7,  Plenum  Press,  Hew  York, 
1962,  pp  206-213.  ~ 

5.  Piatt,  6.  K.  and  C.  C.  Wood,   "Saturn  Booster  Liquid- Oxygen  Heat  Sxchanger 

Design  and  Development",  Advances  in  Cryogenic  Engineering,  Vd.  7>  PLenuB 
Press,  New  York,  1962,  pp.   296-302. 

6.  BroQson,  J.  C,  et.  al.,  "Problems  in  Cool-dovm  of  Czyogenlc  Systems", 

Advances  in  Cryogenic  Engineering,  Vol.   f,  Plenvmi  Press,  New  York,  I962, 
pp.   198-205. 

7.  "KIWI-BI  Test  Cut  Short,  But  Proves  Llquld-H  Startup",  Hucleoolcs.  Vol.  20, 

No.   11,  November  I962,  p.  80. 

8.  Lewis,  J.  P.,  J.  H.  Ooodykoontz  and  J.  F.  Kline,  "Boiling  Heat  Transfer  to 

Liquid  ^drogen  and  Nitrogen  in  Forced  Plow,"     RASA  OR  D-I31U,  Sept.  I962. 

9.  Meyer,  J.  E.,   "Conservation  Laws  in  One-dimensional  Hydrodynamics,"    Settle 

Ttechnlcal  Beview,  WAPD-BT-20;  61-72  (September,   I96O) 

10.     Van  Wle,  N.  H.  and  R.  A.  Ebel,  "Some  Thermodynamic  Properties  of  Preon-llU". 
Report  No.  K-IU30,  Vol.  I  and  II,  Chemistry-General  (T.I.D.-1»500,  iktix  Ed.) 
available  from  the  Office  of  Technical  Services,  U.S.  Department  of  Comerce, 
1959. 


340 


60  1- 


200 


llOO 


600  8oo 

BHTHALPI  -  Btv/Um 

Tig.  1.    Irobars  of  DwMity-Enthalpy  for  W*t«r 


1000 


1200 


Ml 


::%-i'^M}i^ 


20  L,> 


70 


80        90         100 
ENTHALPY  -  Btu/lbn 


110 


Fig.  2.     Isobars  of  Density-Enthalpy  for  Preon-llU  in  the 
Critical  Region 


Jk.  ■*•.,:■ 


■^" 


342 


A  METHOD  OF  EMBEDDING  ACCELEROMETERS 
IN  SOLID  PROPELLANT  ROCKET  MOTORS 
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Thiokol  Chemical  Corporation 

Wasatch  Division 

Brigham  City ,  Utah 

Abstract 

The  USAF  MINUTEMAN  ICBM  Transportation  and  Handling  Test  Program  in- 
volves vibration  testing  of  full  scale  motors^.    A  major  problem  in  vibration  testing 
of  large  solid  propellant  motors  is  developing  a  method  of  embedding  accelerometers 
in  the  viscoelastic  propellant.    The  accelerometers  are  needed  to  determine  experi- 
mentally the  dynamic  response  of  the  propellant  during  the  environmental  tests,  and 
to  verify  the  motor's  dynamic  analysis. 

The  engineering  analyses  and  experimental  tests  employed  by  Thiokol  Chemical 
Corporation  to  develop  the  accelerometer  installation  method  is  the  subject  of  this 
paper.    The  results  of  the  instrumentation,  and  the  degree  to  which  the  desired  re- 
sults were  achieved,  are  discussed. 


Extensive  engineering  studies  were  made  to  determine  the  minimum  number, 
location,  and  type  of  accelerometers  required  to  describe  the  dynamic  response  of 
the  propellant.    A  technique  was  developed  for  controlling  the  position  and  orienta- 
tion of  the  accelerometers  when  embedded  in  the  motor  propellant.    A  laboratory  re- 
search program  was  conducted  to  develop  reliable  bond  joints. 

The  configuration  finally  selected  uses  24  triaxial  accelerometers,  of  which 
14  are  embedded  in  the  propellant  and  10  are  mounted  on  the  propellant  surface.    The 
accelerometer  and  cable  assemblies  are  precast  .in  propellant  wedges,  which  are 
bonded  in  the  case  prior  to  casting  the  motor.    Piezoelectric  accelerometers  were 
selected  in  order  to  meet  the  dynamic  response,  safety,  density;  and  temperature 
specifications. 

As  a  final  verification  of  the  desig^n  concept,  and  to  check  out  special  manu- 
facturing techniques  and  tooling,  a  subscale  motor  was  successfully  cast  with  ac- 
celerometers embedded  in  the  propellant.    This  was  accomplished  prior  to  casting  a 
full  scale  motor.    Both  the  subscale  and  full  scale  motors  were  used  in  the  vibration 
testing  program. 
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Thiokol  Chemical  Corporatioa  utilized  a  new  vibration  facility  for  performing 
fliese  vibration  tests.    Tliis  facility  is  equipped  with  electrodynamic  and  electro- 
hydraulic  exciter  systems  that  have  combined  capabilities  of  sinusoidal  force  outputs 
from  0  to  200.000  vector  force  pounds,  and  frequency  capabilities  from  DC  to  2,000 
cycles  per  second. 

Wifli  the  design  concept  developed  for  internally  instrumenting  solid  propel - 
lant  rocket  motors,  it  is  technically  feasible  to  static  fire  these  motors  after  the 
vibration  tests  are  completed  as  final  confirmation  of  the  motor  integrity.    This 
capability  was  a  secondary  program  objective. 

iatroduction 

In  the  initial  stage  aS  the  MINUTEMAN  development  program,  the  capability 
of  flie  Stage  I  M1NUTEM.AX  motor  to  withstand  a  prolonged  transportation  and  hand- 
ling environment  was  unknown.    The  chance  that  transportation  and  handling  problems 
mi^tt  occur  as  a  result  of  vibration,  titoek,  structui^l  discontinuities,  and  localized 
loading  required  that  the  effect  on  reliability  be  investigated.    In  simple  beams,  these 
problems  normally  lend  fliemselves  to  analytical  study  and  analysis. 

The  Sbige  I  motor,  however,  is  a  hi^ty  complex  structure  comprised  of  a 
fldn-steel  outer  shell  approximately  5  ft  in  diameter  and  20  ft  long,  with  a  thick 
bonding  liner.    Key  areas  inside  the  case  are  insulated  with  a  rigid  insulating  ma- 
terial bonded  to  tbe  shell.    The  case  is  filled  wifli  a  large  mass  of  viscoelastic  pro- 
pellant  havii^  a  star-shaped  core  chamber  throu^  ihe  center.    With  such  a  com- 
posite structure,  the  mechanical  properties  of  which  are  either  imknown  or  vary 
from  specimen-to-specimen,  classical  beam  analysis  becomes  inadequate  in  des- 
cribing tiie  response  (rf  flie  motor  to  a  dynamic  iaptit. 

Because  of  the  specialized  nature  of  this  problem,  a  consulting  service  in 
Applied  Mechanics  performed  an  analysis  and  predicted  the  dynamic  response  of  the 
Sta^e  I  motor  when  subjected  to  transportation  and  handling  environments. 

To  verify  this  anafysis  by  tests,  Thiokol  Chemical  Corporation  conducted  road, 
air  shipment,  and  obstacle  course  tests  to  determine  how  well  the  motor  would  with- 
stand actual  field  conditions.    Although  a  great  amount  of  useful  information  was  ob- 
tained from  these  tests,  no  satisfactory  means  was  found  to  control  the  test  environ- 
ment over  the  entire  frequency  range  and  at  the  acceleration  levels  required  to  check 
the  analytical  predictions  or  to  determine  the  dynamic  response  of  the  motor.    The 
frequency  excitation  levels  were  so  low  in  vahie  that  the  motors  tested  by  these 
methods  responded  essentially  as  a  rigid  body.    No  fundamental  frequencies  or  mode 
shapes  were  measurabfy  excited. 

To  determine  the  fundamental  frequencies,  mode  shapes,  and  propellant 
response,  and  to  check  the  analytical  predictions,  Thiokol  designed  and  constructed 


344 


a  vibration  test  facility  at  the  Wasatch  Division  with  the  capability  of  testing  the  full 
scale  Stage  I  MINUTEMAN  motor. 

To  fully  describe  the  behavior  of  the  motor,  the  propellant  response  was 
required  as  well  as  the  case  response.    Engineering  studies  were  conducted  to 
establish  the  minimum  number  and  location  of  accelerometers  required  to  deter- 
mine the  dynamic  response  of  the  propellant  during  the  vibration  tests.    A  method 
of  embedding  these  accelerometers  was  developed  that  enables  the  accelerometers 
to  be  fixed  in  prescribed  locations  during  propellant  casting.    No  adverse  dynamic 
effects  occurred  on  the  motor  or  propellant  from  the  embedded  accelerometers  and 
cable  assembles. 

Discussion 

One  of  the  inajor  problems  associated  with  this  program  was  trying  to 
determine  the  number  and  corresponding  locations  of  accelerometers  required  to 
describe  the  dynanndo  behavior  of  the  propellant  during  vibration  tests. 

Joint  studies  by  Space  Technology  Laboratories,  Dyna/Structures,  Inc,  and 
Thiokol  indicated  that  the  dynamic  response  of  the  Stage  I  propellant  grain  could 
best  be  determined  by  embedding  three  rows  of  accelerometers  in  the  propellant 
at  each  of  six  linear  cross-sectional  stations  within  the  motor  (Figure  1). 
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Figure  i .      Internal  Instrumentation  Design  Concept 
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Transducer  Selection 

After  the  number  and  locaticm  of  the  accelerometers  were  determined,  an 
accelerometer  had  to  be  selected  that  would  meet  the  specifications  for  dynamic 
response,  temperature,  density,  and  safety.    The  general  specifications  for  the 
accelerometers  were: 

1.  Performance  -  The  accelerometers  had  to  contain  three  sensing  elements 
in  a  single  mounting  case,  with  three  mutually  perpendicular  axes  of  sensitivity.    The 
sensing  elements  had  to  be  capable  of  measuring  minimum  and  maximum  sinusoidal 
accelerations  of  0. 1  and  50  g  peaks,  respectively,  applied  in  the  direction  of  the 
particular  axis  or  axes  of  sensitivity.    The  linearity  of  the  response  of  the  sensing 
elements  had  to  be  within  +  1  percent  at  any  frequency  between  2  and  2, 000  cycles 
per  second. .  The  accuracy  of  the  sensing  elements  at  any  frequency  between  2  and 
2,000  cps  within  the  specified  acceleration  range,  had  to  be  within +  5  percent. 
The  phase  shift  between  the  applied  stimulus  and  the  electrical  output  of  the  sensing 
elements  could  not  exceed  1  deg  at  any  frequency  or  acceleration  level  within  the 
specified  ranges.    The  distortion  of  the  output  wave -form  of  the  sensing  elements 
could  not  exceed  5  percent  of  the  fundamental  signal  of  an  applied  stimulus.    Cable 
connectors  for  the  three  axes  of  sensitivity  for  each  accelerometer  had  to  be  located 
on  a  common  side. 

2.  Safety  -  Piezoelectric  self-generating  accelerometers,  suitable  for 
embedding  in  live  propellant,  were  used.    The  nature  and  low  level  of  the  electrical 
signal  generated  by  this  type  of  accelerometer  eliminates  the  danger  of  inadvertently 
igniting  the  live  propellant. 

3.  Density  -  The  density  of  the  accelerometer  had  to  be  the  same  as  the 
live  propellant,  1. 7  gm  +  0. 1  gm  per  cubic  centimeter.    The  accelerometer  center- 
of -gravity  had  to  be  located  at  the  geometric  center. 

4.  Temperature  -  An  accelerometer  operating  temperature  range  between 
-20*F  and  +200* F  was  required. 

The  output  response  of  the  sensing  elements  at  temperatures  other  than  70*  F 
had  to  be  within  +  5  percent  of  the  reference  output  response  at  70  degrees.    (The 
response  output  of  the  elements  was  measured  with  a  2,000  +  200  picofarad  cable). 
The  accelerometer  had  to  withstand  temperature  cycles  up  to  SOO'F  without  detri- 
mental effects  or  impairments. 

A  Gulton  triaxial  piezoelectric  accelerometer,  part  number  TA  320106,  was 
selected  to  meet  the  requirements  and  specifications  within  a  designated  time  limit. 
Laboratory  tests  indicated  that  these  accelerometers  could  be  bonded  in  the  pro- 
pellant by  priming  the  aluminum  outer  jacket  of  the  accelerometer  with  Epon  812 
CEpoxy,  bond  conditioner). 
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Transducer  Cable  Selection 

An  interconnecting  electrical  cable ,  compatible  with  the  piezoelectric 
accelerometer,  was  selected.    Cable  requirements  were: 

1.  The  cable  outer  covering  or  insulation  had  to  be  fabricated  from  a 
material  that  could  be  readily  bonded  to  the  live  propellant. 

2.  The  overall  diameter  of  the  cable  had  to  be  kept  to  a  minimum  to  pre- 
vent overstressing  the  surrounding  propellant. 

3.  The  electrical  capacitance  of  the  cable  could  not  exceed  40  picofarads 
per  foot  of  cable. 

4.  The  noise  level  could  not  exceed  1  mv  peak-to-peak.    The  noise  level 
was  measured  by  vibrating  a  10  ft  section,  with  an  initial  3  1/2  in.  sag  at  the  center, 
at  25  cps  with  a  1  in.  double  amplitude.    During  these  tests,  one  end  of  the  cable  was 
connected  to  the  exciter  and  the  other  end  terminated  at  a  100  mego  impedance  source. 

After  electrically  testing  cables  from  several  manufacturers,  polyvinyl 
chloride,  silicon  rubber,  and  wrapped  Teflon  jacket  materials  were  selected.    An 
extensive  laboratory  testing  program  was  conducted  to  aid  in  selecting  the  more 
suitable  cable  covering  for  bonding  to  live  propellant,  other  factors  being  equal.    A 
Gulton  cable  with  a  silicon  rubber  jacket,  primed  with  UF-3170  (Silicon  Primer), 
proved  to  be  most  compatible. 

Accelerometer  and  Cable  Assembly  Verification  Tests 

The  following  problems  associated  with  the  use  of  the  accelerometer  and  cable 
as  an  assembly  had  to  be  resolved: 

1.  What  effect  did  the  dielectric  properties  of  live  propellant  have  upon  the 
characteristics  of  the  accelerometer  and  cable  ? 

2.  What  type  of  cable-to-accelerometer  connection  configuration  was  best 
(connector  or  integral  connection)  ? 
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3.  What  effect  would  propellant  shrinkage  have  on  the  accelerometer  and 
cable  assemblies  during  the  cure  cycle  ? 

4.  What  wouM  be  the  dynamic  transmissibility  of  the  accelerometer  and 
cable  assemblies  when  they  were  embedded  in  live  propellant  ? 
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Verification  Tests 

In  order  to  resolve  these  problems ,  accelerometer  and  cable  assemblies  were 
embedded  in  10  in.  propellant  cubes  for  dynamic  testing.    For  one  type  of  specimen, 
the  cable  assemblies  were  routed  directly  out  of  the  propellant.    In  a  second  type  of 
specimen,  the  cables  were  coiled  prior  to  routing  out  of  the  propellant  to  determine 
the  effects  on  accelerometer  output  when  loads  were  introduced  into  the  cables.    The 
test  specimens  were  bonded  to  an  aluminum  plate  that  also  served  to  attach  the 
'  fixture  to  the  exciter  table.    Each  of  the  specimens  underwent  resonance  .search  tests 
from  10  to  500  cps  at  a  1. 0  g  acceleration  level.    The  samples  were  also  vibrated  at 
500  cps  and  3. 0  g  for  20  minutes.    Side  loads  were  applied  to  the  cable  assemblies 
to  evaluate  methods  of  connecting  the  cable  assemblies  to  the  accelerometers. 

The  maximum  frequency  at  which  meaningful  data  were  obtained  was  500  cps, 
due  to  the  frequency  limitations  of  the  exciter  table.    No  changes  occurred  in  ac- 
celerometer response  when  side  loads  wei|e  applied  to  the  cable  assemblies  for  either 
type  of  specimen.    Direct  routing  of  the  cables  from  the  specimen  was  selected  as 
the  simpler  method  of  the  two.    After  the  verification  tests  were  completed,  the 
specimens  were  sectioned  and  inspected  for  bond  separations.    The  bonds  were  good 
in  all  cases.    The  dielectric  properties  of  the  propellant  had  no  effect  on  the  ac- 
celerometer and  cable  assemblies.    Thermal  contraction  of  the  propellant  during 
cooldown  from  the  curing  temperature  did  not  affect  the  bond  joints  or  performance 
of  the  accelerometer  and  cable  assemblies. 

Safety  Tests 

After  final  selection  of  accelerometer  and  cable  assemblies,  safety  tests  were 
conducted  to  make  sure  that  the  live  propellant  could  not  be  igpiited  by  connection  of 
the  embedded  accelerometer  cable  leads  to  electrical  power  supplies.    Two  types  of 
specimens  were  prepared  for  these  tests.    The  first  type  consisted  of  small  samples 
of  live  propellant  in  which  shorted  accelerometer  cables  were  embedded.    In  some  of 
the  specimens,  the  inner  conductors  were  shorted;  in  others,  the  shield  conductors 
were  shorted,  while  still  others  had  the  inner  conductor  shorted  to  the  shield  con- 
ductor. 

The  second  type  of  specimen  was  a  small  sample  of  live  propellant  with 
accelerometer  and  cable  assemblies  embedded.    After  the  propellant  had  cured, 
the'  specimens  were  brought  to  an  ambient  temperature  of  about  80* F  prior  to  testing. 

The  tests  consisted  of  connecting  the  cables  directly  to  115  vac,  220  vac, 
and  440  vac  power  sources.    The  propellant  did  not  Ignite,  indicating  that  no  hazardous 
condition  exists  from  the  electrical  power  sources  available  in  the  vibration  facility. 
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Embedment  Technique 

In  developing  a  method  of  installing  a  line  of  three  accelerometers  at  six 
cross  sections  along  the  motor,  these  criteria  were  observed: 

1.  The  accelerometer  installation  and  cable  routing  could  not  change  the 
dynamic  characteristics  of  the  propellant. 

2.  The  accelerometer  axes  of  sensitivity  must  be  oriented  within  +  1/4  in. 
and  +  2-1/2  deg  of  each  other  and  must  be  supported  by  propellant  only. 

3.  The  propellant  must  be  cut  back  without  cutting  the  accelerometer  cables. 

4.  As  a  secondary  objective,  the  motor  would  be  static  test  fired  after 
completing  the  dynamic  tests. 

Two  of  the  three  accelerometers  and  cable  assemblies  in  each  cross  section 
were  precast  in  propellant  wedges,  which  were  bonded  into  the  case  at  each  of  the 
linear  motor  stations  prior  to  casting  the  propellant.    The  position  and  orientation 
of  the  accelerometers  in  the  propellant  wedges  were  controlled  during  the  wedge 
fabrication  and  were  in  the  same  relative  position  for  each  wedge  (Figure  1). 

The  wedges  were  installed  so  that  a  common  edge  of  each  accelerometer  was 
located  on  the  flat  surface  of  the  wedge.    The  wedges  are  located  linearly  in  the  case 
by  measuring  from  a  common  reference  point  on  the  motor  case.    The  flat  surfaces 
of  the  wedges  are  angularly  aligned  in  the  case  prior  to  bonding  them  in  place. 

The  third  accelerometer  and  cable  assemblies  required  at  each  of  the  linear 
motor  stations  were  installed  on  the  propellant  surface  prior  to  attaching  the  aft 
closure.  The  accelerometer  orientation  was  controlled  by  the  mounting  blocks  used 
to  install  them.  The  mounting  blocks,  fabricated  of  balsa  wood,  were  used  to  orient 
the  accelerometers.  The  accelerometer  and  cable  assemblies  were  easily  removed 
after  the  dynamic  tests  were  completed  by  shearing  the  mounting  blocks  close  to  the 
propellant  surface  (Figure  1). 

The  cable  assemblies  from  the  wedge  located  at  the  midpoint  of  the  motor,  180 
deg  from  the  continuous  row  of  wedges  along  the  0  deg  target  side  of  the  case,  were 
routed  circumferentially  around  the  inside  of  the  case.    These  cables  intersected 
with  the  cables  from  the  lower  accelerometers,  which  were  embedded  in  the  cai- 
tinuous  row  of  wedges.    From  this  point,  the  cables  were  bundled  together  and  were 
routed  to  the  aft  end  of  the  motor  (Figure  1). 

The  cable  assemblies  from  the  upper  accelerometers,  which  were  embedded 
approximatly  11.5  in*  inboard  from  the  case,  were  routed  parallel  to  the  motor 
longitudinal  centerline.    The  cables  were  spanned,  telegraph  style,  between  wedges 
and  were  bonded  to  ^he  flat  face  of  each  wedge  (Figure  1). 


■KA.Q 


The  cable  assemblies  from  the  lower  accelerometers,  which  were  embedded 
approximately  3  in.  inboard  from  the  case,  were  routed  along  the  lined  case  to  the 
aft  end  and  were  bonded  to  the  case  liner.    All  of  the  cables  were  tightly  bundled 
before  being  bonded  in  position. 

By  using  the  vacuum  casting  process,  no  voids  occurred  around  the  cable 
bundles  during  the  propellant  casting  and  cure  processes.    By  routing  the  cables  in 
tiie  manner  described,  the  feasibility  of  static  firing  the  motor  was  enhanced,  be- 
cause the  flame  front  would  reach  the  cables  in  each  cable  bundle  at  the  same  time, 
and  no  radial  path  was  provided  for  a  bumthrough  or  increased  burning  area  (Figure  1). 

The  propellant  is  machined  to  a  specified  configuration  to  provide  a  plenum 
chamber  (Figure  1).    This  is  called  a  cutback  operation.    The  propellant  cuttiack 
operation  was  performed  successfully  by  providing  cavities  into  which  the  cable 
assemblies  could  be  placed  during  this  operation.    After  the  cutback  operation  was 
completed,  Ihe  cable  assemblies  were  routed  out  the  aft  end  of  the  motor  and  the 
cavities  around  the  cable  assemblies  were  filled  with  propellant  (Figure  1). 

Bond  Joint  Tests 

Laboratory  tests  were  conducted  to  evaluate  the  bond  joint  between  cured 
propellant  wedges  and  uncured  propellant.    By  priming  the  cured  propellant  with 
Epon  812  prior  to  the  casting  operation,  the  bond  joint  between  cured  and  uncured 
propellant  was  as  strong  or  stronger  than  the  parent  propellant.    Detailed  studies 
also  were  conducted  to  make  sure  that  the  properties  of  the  propellant  did  not  change 
when  exposed  to  three  temperature -curing  cycles  at  135*  F  of  96  hr  duration  each. 
These  temperature  cycles  were  required  to  cure  the  propellant  wedges,  the  case 
propellant,  and  the  propellant  used  to  fiH  the  accelerometer  cable  cavities.    Labora- 
tory tests  proved  tibat  the  propellant  could  withstand  these  temperature  cycles  with 
no  physical  property  dianges. 

Laboratory  tests  were  also  conducted  to  determine  a  reliable  bond  joint 
between  the  propellant  wedges  and  the  case  liner.    A  UF-2123 ,  ambient -cured  liner, 
was  developed  and  evaluated  for  bonding  cured  TP^lOll  propellant  on  UF-2121 
liner.    The  pot  life  of  UF-2123  linelF  after  deaeration  is  4  hr  at  75*  +  5*F.    Cure 
times  are  96  hr  at  75*F,  9  hr  at  135*F,  and  5  hr  at  170»F. 

Testing  of  UF-21?3  liner  was  programed  to  include  all  phases  of  bonding 
cured  propellant  wedges  in  lined  motor  cases,  including  preheat  prior  to  casting, 
vacuum  casting  conditians,  and  extended  cure  at  135* F.  Tensile,  diear,  and  fatigue 
tests  were  conducted  on  sample  bond  joints,  utilizing  deaerated  UF-2123  liner.    In 
all  cases,  the  bond  joint  had  greater  strength  than  the  propellant.    Other  test  samples 
were  prepared,  using  the  same  systems  curing  and  testing  conditions,  except  the 
UF-2123  liner  was  not  deaerated  prior  to  application.   When  these  samples  were 
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tested,  they  gave  lower  values  and  swelled  during  the  vacuum  phase  of  testing.    In 
all  cases  where  the  UF-2123  liner  was  not  deaerated  and  tested  under  vacuum, 
failure  occurred  in  the  UF-2123  liner. 

Additional  test  specimens  were  fabricated  to  simulate  the  bond  joint  between 
the  propellant  wedges  and  case  liner.    Various  loads  were  applied  to  these  test 
specimens  when  exposed  to  motor  processing  environment,  and  in  all  cases  the 
bond  joint  was  good. 

The  test  data  verified  that  UF-2123  liner  was  an  adequate  adhesive  for 
bonding  cured  TP-HlOll  propellant  to  cured  UF-2121  liner.    These  bond  joints 
were  satisfactory  for  either  bayonet-type  casting  or  vacuum  casting;  however, 
when  they  are  used  with  vacuum  casting,  the  UF-2123  liner  must  be  deaerated 
prior  to  .using. 

Special  Equipment  Requirements 

Propellant  Wedge  Molds 

The  propellant  wedges  were  designed  to  support  two  accelerometer  and 
cable  assemblies  in  a  specific  orientation  and  location  during  casting  operations. 
The  final  wedges  weighed  approximately  45  lb  and  were  approximately  14  by  11  by  15 
inches. 

V 

Fiberglass  molds  were  designed  and  built  to  fabricate  these  propellant  wedges. 
Three  different  mold  configurations  were  built  to  meet  all  the  requirements  for  in- 
strumenting a  motor.    The  first  configuration  was  for  the  case  wedges,  the  second 
configuration  was  for  the  aft  case  wedge,  and  the  third  configuration  was  for  the 
opposing  case  wedge  (Figure  2  and  reference  Figure  1). 

The  first  configuration  excluded  the  case  slivers  at  that  location.    The  slivers 
were  deleted  because  the  close  installation  tolerance  between  wedges  could  be  con- 
trolled more  easily  without  them.    The  deletion  of  this  one  sliver  will  not  appreciably 
affect  the  dynamic  response  of  the  propellant  or  motor  (Figure  3  and  reference 
Figure  1). 

The  second  configuration  is  designed  to  fit  over  the  aft  case  Insulation  and 
contains  the  cable  cavity  connections  (Figure  4  and  reference  Figure  1). 

The  third  configuration  fits  over  the  sliver  on  the  opposite  side  of  the  motor. 
Because  only  one  wedge  was  installed  on  this  side  of  the  motor,  the  sliver  did  not 
interfere  with  installation  tolerances  (Figure  1  and  2). 

The  exact  position  and  orientation  of  the  accelerometers  in  the  propellant 
wedges  were  accomplished  with  holding  fixtures  specifically  located  on  the  wedge 
mold.    The  accelerometer  and  cable  assemblies  were  held  in  position  by  these 
fixtures  while  the  propellant  was  being  cast  around  them  (Figure  5). 
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Figure  2.     Propellant  Wedges  Installed  in  Lined  Motor  Case 


Figure  3.     Typical  Propellant  Wedge  Installation 
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Figure  4.     Aft  Propellant  Wedge  Installation 
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Figure  5.      Propellant  Wedge  and  Casting  Mold 
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The  major  problem  associated  with  Que  wedge  mold  design  was  developing  a 
technique  to  remove  the  propellant  wedges  from  the  molds  after  they  had  cured.    Lab- 
oratory tests  indicated  that  a  conventional -rubber-type  parting  compound  would  con- 
taminate the  propellant  wedge  and  would  prevent  a  good  bond  joint  between  the  cured 
and  uncured  propellant.    Attempts  to  remove  tibe  wedges  from  the  mold  with  air  ports 
in  the  molds  and  suction  cup  pulling  devices  proved  to  be  unsatisfactory .    The  purpose 
of  ttke  air  ports  was  to  provide  a  means  of  breaking  the  bond  between  the  wedge  and 
tiie  mold.    This  technique  proved  unsatisfactory  because  the  air  would  escape  along  a 
very  narrow  paUi  and  would  not  cause  separation  of  the  wedge  and  mold  over  a  sufficiently 
large  area.    The  suction  cups  were  satisfoctbry,  but  no  separation  occurred  between 
the  wedge  and  mold.    This  removal  problem  was  overcome  by  lining  the  molds  with 
Teflon  tape  prior  to  casting  the  wedges.   When  used  in  conjunction  with  the  air  ports, 
the  Tefkm  tape  acted  as  a  good  parting  material,  and  the  wedges  could  easily  be  re- 
moved from  the  molds.    No  contamination  problems  occurred  when  Teflon  tape  was 
used. 

Cavitv  Assemblies  and  Support  Brackets 

In  order  to  perform  flie  cutback  operation,  a  cavity  was  provided  in  which  die 
acoelerometer  cable  assendilies  coold  be  safety  placed.    After  performing  calcula- 
tions and  experimental  tests  on  different  methods  of  celling  the  acoelerometer  cables, 
a  cavity  approximatety  15  in.  long  by  2-1/2  in.  in  diameter  was  found  to  be  satis- 
bictory.    These  cavities  were  formed  fay  casting  flie  propellant  around  cavity  assem- 
blies (alumimim  tubes).    After  the  wedges  had  been  installed  in  tiie  case,  the  ac- 
oelerometer cable  assenblies  were  rooted  from  the  last  wedge  into  the  cavity  as- 
semblies, and  Oe  joint  between  tbe  cavity  assemblies  and  the  wedge  were  sealed 

(Figores  6  and  7).  ' 

.1 

Tbe  cavity  assemblies  were  wrapped  witii  Teflon  tape  to  simplify  removal 
after  Hie  propellant  bad  cored.    A  si^iport  bradcet  was  designed  and  fabricated  to 
bold  the  cavity  assemblies  in  position  during  propellant  casting.    This  support 
bracket  restndned  any  axial  loading  of  the  o^vity  fixtures  due  to  buoyancy  when  the 
fixtores  were  snfatnerged  in  mcnred  propellant  (Figure  4). 

Manalacturing  and  Processing  Details 

Preonration  off  Accelerometera  and  Cable  Assemblies 

.  >  •  I- 

The  accelerometerswere  aU  calibrated  electricaUy,  and  the  calibration  re- 
aolts  for  eadi  axis  off  aensitivtty  were  recorded.    Prior  to  embedding  the  acceler- 
ooeters  in  propellant.  Oef  were  primed  wifli  Epon  812  Liquid  Epoxy  Resin  to  insure 
a  good  bond  witt  the  propellaDt.   Cable  assemblies  for  each  acoelerometer  axis  off 
malt  1«  It  J  were  Eri»icated  and  identified  with  a  coding  number.    The  coding  numbers 
were  reqoired  to  idmllfy  Ibe  embedded  accelerometera  and  corresponding  axis  of 
■eaatttvlty  after  cotnfileCiag  Che  caating  operations.    The  cable  assemblies  were 
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Figure  6.     Cable  Routing  at  Aft  Propellant  Wedge 


Figure  7.     Installation  of  Accelerometer  Cables  in  Cavity  Assemblies 
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connected  and  safety  wired  to  the  accelerometer.    The  cable  assemblies  were 
primed  with  UF-3170  sealant  to  insure  a  good  bond  when  the  assemblies  were  em- 
bedded in  the  pr(Hiellant. 

Installation  and  Electrical  Teats  of  Accelerometers  and  Cable  Assemblies 

The  accelerometer  and  cable  assemblies  were  installed  in  the  wedge  and 
were  checked  electrical^  prior  to  casting  the  wedges.    Tliese  electrical  tests  in- 
sured that  tiie  accelerometers  or  cables  were  not  shorted  or  broken  prior  to  em- 
bedding them  in  the  propellant  wedge.    If  any  defect  had  existed,  repairs  or 
replacements  at  this  stage  of  tiie  process  easily  could  have  been  made. 

The  accelerometer  cable  used  was  unique  in  that  it  had  nearly  zero  series 
resistance  and  a  distributed  capacitance  of  33.6  picofarads  per  foot  of  cable.   With 
this  capacitance  characteristic,  the  amount  of  capacitance  a  cable  of  a  given  length 
will  have  is  known.    By  adding  the  capacitance  of  the  accelerometer,  the  total 
capacitance  of  any  accelerometer-cable  combination  is  known.    One- of  the  electrical 
tests  utilized  was  to  measure  the  capacitance  of  the  accelerometer-cable  combina- 
tions.   If  the  cable  or  accelerometer  circuit  is  broken,  it  is  easily  detected  and  the 
specifie  location  of  the  break  is  known  within  inches. 

An  additional  electrical  check  was  required  because  the  cable  or  accelero- 
meters could  have  had  a  hi^  resistance  short  that  was  not  detected  by  the  capaci- 
tance test.    By  putting  a  50  vdc  input  into  the  accelerometer-cable  combinations  and 
measuring  the  resistance  between  the  inner  conductor  and  outer  shield,  any  existing 
shorts  were  detected. 

Propellant  Wedge  Processing 

After  completing  the  electrical  diecks  and  lining  the  wedge  molds  with  Teflon 
tape,  flie  wedges  were  cast  with  propellant.   Two  small  individual  propellant  batches 
were  used  to  cast  the  propellant  wedges.    The  propellant  wedges  were  bayonet  cast 
instead  of  vacuum  cast  to  permit  manual  control  of  ttie  cable  routing  and  the  flat 
surface  of  the  wedge.   After  the  wedges  were  cast,  they  underwent  a  cure  cycle  of 
135*  F  for  96  hours. 

After  curing,  the  propellant  wedges  with  the  embedded  accelerometer  and 
cable  assemblies  were  removed  from  the  casting  molds.   The  propellant  wedges 
were  individually  X-rayed  to  verify  that  no  voids  or  air  pockets  existed. 

Installation  of  Propellant  Wedges  and  Cable  Assemblies 

The  propellant  wedges  initially  were  installed  dry,  positioned,  and  aligned. 
Wifli  the  wedges  in  tbe  proper  position,  the  case  liner  was  masked  off  so  that  the 
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wedges  could  be  quickly  Installed  in  the  correct  location  after  the  bonding  compound 
was  applied.    Because  of  the  confined  work  area,  only  one  wedge  was  handled  at  a 
time  and  ahvays  the  extreme  aft  wedge.    Therefore,  after  the  locations  were  masked 
off,  all  the  wedges  were  removed  prior  to  permanently  installing  them  with  bending 
compound  (Figures  8  and  9). 

As  each  wedge  was  installed  with  bonding  compound,  its  alignment  was  checked 
visually.    After  the  opposing  wedge  on  the  180  deg  axis  of  the  case  was  installed  and 
aligned,  the  UF-2123  bonding  compound  was  allowed  to  cure  for  96  hr  at  ambient 
temperature  (75*F).   After  flw  bonding  compound  on  this  wedge  had  cured,  the  motor 
was  rotated  180  deg  and.  the  remaining  wedges  were  installed  in  the  same  manner. 
The  cable  assemblies  from  the  opposing  wedge  then  were  routed  circumferentially 
around  to  the  other  wedges  and  were  bonded  to  the  case  liner  with  UF-2123  liner. 
The  motor  was  rotated  as  required  during  tills  operaticm.    The  cable  assemblies  from 
this  wedge  and  the  bottom  cable  assemblies  from  all  the  other  wedges  were  routed 
along  the  case  and  into  the  lower  cavity  assembly  {Figure  1). 

An  electrical  check  was  made  before  bonding  the  cables  to  the  case  liner  to 
insure  that  the  cables  had  not  been  damaged  during  the  processing.  X-ray,  and 
installation  operations.    Any  damaged  cable  assemblies  were  repaired  prior  to  bond- 
ing ttem  in  place.  , 

The  lower  cable  asseinblies  were  bonded  in  place,  and  the  point  between  the 
lower  cable  cavity  assenibly  and  the  aft  wedge  was  sealed  with  UF-2123  liner 
(Figure  4). 

After  the  lower  cable  assemblies  were  bonded  in  place,  the  motor  was  rotated 
90  degrees.    The  upper  cable  assemblies  were  bundled  and  routed  along  the  wedge  and 
into  the  upper  cavity  assembly .    Rotating  the  case  made  it  easier  to  bond  the  cable 
assemblies  to  the  propellant  wedges  (Figure  10). 

An  electrical  check  was  again  conducted  before  bonding  these  cables  to  the 
propellant  wedges. 

The  upper  cable  assemblies  were  then  bonded  in  place,  and  the  Joint  between 
the  upper  cable  cavity  assembly  and  the  aft  wedge  was  sealed  with  UF-2123  liner 
(Figure  4). 

All  of  the  installed  propellant  wedges  were  primed  with  Epon  812  to  insure  a 
good  bond  between  the  cured  propellant  wedges  and  the  remainder  of  the  motor 
propellant. 
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Figure  8.     Propellant  Wedge  Alignment  Operation 
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Figure  9.      Propellant  Wec^e  Installation 
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Figure  10.     Positioning  Upper  Accelerometer  Cables  Prior  to  Bonding 

Wedge  Installation  Tests  '  * 

Before  casting  a  full  scale  motor  with  internal  instrumentation,  verification 
tests  were  oerformed  utilizing  an  aft  subassembly.    The  bond  joint  was  checked  by 
applying  weights  of  27,  18,  and  10  lb  to  the  propellant  wedges  installed  in  the  aft  sub- 
assembly.   The  27  lb  weight,  the  most  severe  condition,  reduced  the  safety  factor 
from  8. 32  to  2. 83  (Figure  11).. 

The  weighted  wedges  were  exposed  to  temperature  and  vacuum  conditions 
similar  to  those  encountered  during  full  scale  motor  casting.     No  failures  occurred 
during  this  temperature-vacuum  cycle;  therefore,  the  weights  were  removed  and 
the  subassembly  was  cast  with  propellant  as  a  final  confirmation  of  the  design  con- 
cept.    The  X-ray  and  visual  inspections  of  this  specimen  after  the  propellant  had 
cured  proved  conclusively  that  the  concept  was  technically  sound. 

Casting  and  Curing  Motor 

After  successfully  completing  the  wedge  installation  tests,  in  the  aft  sub- 
assembly, the  full  scale  motor  was  prepared  for  processing.    The  wedges  were 
installed  in  the  lined  case  and  the  motor  was  prepared  for  casting  according  to  nor- 
mal operating  procedures.    The  casing  core,  the  vacuum  casting  bell,  and  other 
miscellaneous  equipment  we--"  installed  (Figure  12). 

The  motor  casting  and  curing  operations  were  :iccomplished  with  no  problems 
or  unusual  occurrences.       After  curing,  the  cable  cavity  assemblies  were  removed, 
and  the  accelerometer  cables  were  coiled  and  placed  in  the  cavities  below  the  cut- 
back depth.    The  motor  was  cut  back  in  accordance  with  normal  processing  procedures. 
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Figure  11.     Weight  Installation  on  Propellant  Wedge 
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Figure  12.     Casting  Core  Installation 
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J.      The  accelerometer  cable  assemblies  then  were  uncoiled  and  routed  directly 
out  of  the  cavities.    The  cavities  were  primed  with  Epon  812  Liquid  Epoxy  Resin 
prior  to  filling  them  with  TP'H1064  propellant.    This  propellant  is  identical  to 
TP-HlOll  except  that  it  has  spherical  aluminum  particles  instead  of  coarse  ground 
aluminum  particles.    This  propellant  is  less  viscous  in  the  uncured  state  than 
TP-HlOll  and  does  not  develop  as  many  voids  when  filling  small  cavities.    After 
filling  these  cavities,  the  motor  was  recycled  at  135' F  for  96  hr  to  cure  the 
propellant. 

Inspection  and  Final  Processing 

The  motor  was  given  a  complete  X-ray  and  ultrasonic  inspection  prior  to 
installing  the  aft  closure  and  nozzle  assemblies.    No  voids  or  cracks  were  revealed 
fn  th?  propellant  or  around  the  wedges  or  cable  assemblies. 

I  inal  electrical  checks  showed  that  all  the  accelerometer  and  cable  as- 
semblies; wfei-.>  completely  functional. 

;     Example  of  Results 

Longitudinal  Mode  of  Vibration 

The  first  longitudinal  resonance  of  the  solid  propellant  rocket  motors  tested 
occurred  at  37  cps.    The  corresponding  mode  shape  and  phase  relationships  shown 
in  Figure  13  indicate  that  the  predominant  response  of  the  case  and  propellant  is 
that  of  a  fixed-free  rod  with  a  slightly  coupled  propellant  thickness  shear  mode. 


The  second  longitudinal  resonance  of  the  solid  propellant  rocket  motors 
tested  occurred  at  70  cps.    The  corresponding  mode  shape  and  phase  relationships 
shown  in  Figure  14  indicate  that  the  predominant  response  of  the  case  and  propellunt 
is  that  of  a  free -free  propellant  thickness  shear  mode  with  a  slightly  coupled  case 
rod  mode. 


Transverse  Mode  of  Vibration 


M}^-: 


A  typical  example  of  the  mode  shapes  assumed  by  a  rocket  motor  case  and 
different  levels  of  the  propellant  while  vibrating  the  motor  at  its  simply  supported 
beam  bending  frequency,  which  is  an  antiresonant  condition  is  shown  in  Figure  13. 
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Figure  13.      Longitudinal  Response  of  Motor  Case  and  Propellant  at  37  cps 
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Figure  14.     Longitudinal  Resp<mse  of  Motor  Case  and  Propellant  at  70  cps 
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The  technical  results  of  the  vibration  tests  are  not  presented  in  this  paper. 
The  typical  examples  are  included  only  as  an  illustration  of  what  may  be  accomplished 
with  this  method  of  instrumentation. 
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ENERGY  STORAGE  AMD  DELIVERY  SYSTEMS.  AN  URGENT 
REQURQIENT  FOR  AEROSPACE  CONTINGENCIES. 

A.H.S.GANDLIN., 
JACKSONVILLE  UNIVERSITY. 

A  fev  months  ago,  a  major  disaster  at  sea  startled  the  world.  'Aie 
u. a. S. 'Thresher'  was  lost  \T±tti  all  hands,   in  waters  which  are  among 
tha  best  charted  and  best  known  in  the  whole  world  and  a  few  miles 
only  from  tr.a  ruiin  base  of  operations.  In  the  absence  of  really  ad- 
equate dana.   it  has  been,  so  far  clearly  impossible   to  reconstruct 
a  .nrcijsr  eiqjianation  of  the  tragedy  except  to  learn  that,   at  a  com- 
pu-rarively  trivial  depth  compared  with  that  of  the  world's  oceans 
means  of  raconnaissance  for  the  wreck  and  for  rescue  under  such  cir- 
ci;^:.3t:aiiues,   have  been  either  extremely  inadequate  for  the   task  or 
totally  lacking;,  f   = 

If  a  s -rvey  is  made  of  tiie  increasing  toll  of  flying  accidents 
both  in  t'r^i   civil  transport  and  in  the  military  field  xt  must  be 
conceded  that  there  are^   yer,  oany  equally  inexplicable  losses  of 
life  and  of  materiel  in  regions  of  the  troposphere  and  lower  strato- 
sphere where    t:ie  problems  of  flight  ought  to  be  well  vmderstood. 

Xhe  nature  of  these  experiences  is  such  thet  their  study  and  their 
resolution  are  of  imoortance  to  astronautics  which  has  profited  by 
analogies  in  many  fields.  Criteria  which  are  used  to  gauge  tiie  per- 
formanca  of   sea  going  vessels  and,  more  recently,   aircraft  have  been 
expressed  in  standards  which  have  been  appnipriately  codified  by 
marine  surveyors  or  by  aircraft  inspectors,   and  t±ie  concepts  of 
sea-wortiiinesa  and  airworthiness  are  well  understood.  As  yet,  however, 
in  spite  of   several  orbital  and   sub-orbital   flights  successfully 
achieved  in  this  country  and  in  the  Soviet  union,  and  clearly  a 
BUccesszuL  medical  and   trainin  ;  pro-.trarame  for  personnel,    there  is, 
so  far,  little  visible  evidence  oi  a  tealistLc  or  concerted  drive  to 
^•»rc--t2  rosily  syGtematic  study  of  the  many  criteria  ^^lich  must  be 
iu-piied  in  true    'spaceworthiness   of  manned' space  vehicles. 

Just  as  the  analysis  of  data,   on  an  international  scale  of  co-op- 
eration has  promoted  transport  successes  in  other  spheres  it  should 
now  be  possible  to  infer  that  favourable  results  for  astronautics  will 
be  achieved  by  properly  concerted  action  on  an  international  scale.  A 
new  discipline  of  Astrography  may  result  which  would  be  a  counterpart 
oi      ceeno'^^aphy.   It  would  be  a  specially  analytic  field  in  which  the 
sr  '.ce  sciences  would  be  considered  from  the  point  of  view  of  appli- 
cation rather  than  theory.     :, 

Numerous  contributions  have   already  been  made   some  of  the  most 
sigrdficant  and  relevant  having  been  studies  founded  on  the  extension 
of  radiobiology  and  of  radiation  damage  already  available  into  the 
space  environment,  suitably  amplified  by  newer  findings.   By  far  the 
most  basic  problem  however  hinges  on  propulsion, 
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Chemically  fuelled  rockets  which  have  been  dominating  aerospace  research 
up  to  the  present  have  had  the  great  advantage  of  being  largely  indep- 
endent of  their  environment  but  this  attribute  which  has  been  so  valtiable 
has  tended  tocbsctire  their  most  serious  limitations  When  the  choice  of 
optimum  prime  movers  for  serious  and  pxx>tracted  voyages  into  deep  space 
are  imder  consideration,  Iheir  bulk  and  short  endurance  obviously  ren- 
der them  obsolete  for  such  problems. 

The  investigations  currently  proceeding  over  a  wide  front  into  such 
questions  as  ttie   acceleration  of  electrically  charged  fluid  masses  under 
condttions  of  ionic  flow,  or.  of  the  transport  of  plasma  by  ptunping  fields 
point  the  way  towards  a  realization  of  the  desired  techniques  which 
woiild  provide  an  adequate  supply  of  p»»»i  located  midway  between  the 
extremes  of  the  high  energy  high  thrust  chemical  rockets  of  short  dur- 
ation, and  the  low-energy  low  thrust  devices  such  as  ion  motors  or  plas- 
ma Jets  so  far  developed  to  cater  for  long  endurance,  cruise  conditions. 
Hiere  is  plainly  a  mo8|:  serious  'propulsion  gap  *  which  needs  to  be  fil- 
led before  soundly  conceived  manned  power  flight  in  space  can  be  con-* 
templated. 

As  is  usual  in  such  problems  involving  transport  phenomena  we  may 
divide  the  problem  into; 


a.nie  means  by  which  the  chosen  fdrm  of  energy  source  may 
be.   made  to  exert  a  force  on  its  environment.  This  is  the 
problem  of  the  working  substance. 

b.Ilie  means  by  which  accelreration  of  the  working  substance 
may  be  achieved. 

c.  Associated  with  tiie  above  is  th&   question  of  energy  storag  e. 
Tnxa  may  generally  be  considered  in  terms  of  thenuodynamic 
potentials,  of  dynamic  or  electrical  storage  or,  ultimately, 
the  role  of  matter  itself  as  form  of  energy  rather  than  a   „.. 
vehicle  ittirough  which  it  acts. 

So  far,  one  of  the  most  impressive  and,  indeed,  promising  methods 
aimed  at  ttte  resolution  of  the  'Propulsion  Gap'  has  been  the  Gas  Core 
Nuclear  Rocket  and  consideration  of  tills  is  desirable,  v 

■■,,.:;':.. i,;>;,,.;  :,:;■,   Gas  Core  Nuclear  Rockets.  .j#5-^-;y'  '?i^Mv   rS;s'!:J-^4^=&^^  wl 

Hie  present  position  of  nuclear  rocket  development  is  dominated  by  ? 
the  attendent  technologies  of  civil  power  generation  stations  and  naval 
reactors  from  which  much  useful  data  has  become  available.  At  the  same 
time  these  also  restrict  the  dmrelopment  of  suitable  space-borne  react- 
representing  as  they  do  a  large  vested  interest  in  man-power  and  indeed 
concepts  centred  on  quite  different  woxiclng  conditions* 

Typical  layouts  of  gas  core  reactors  are  shown  in  Figs  1,2,1. 
It  will  be  noted  that,  as  in  a  normal  bl-fuel  rocket,  two  gaseous  com- 
ponents  flow  into  a  chamber  consisting  of  a  cavity  surrounded  by  a  modv 
erating  shield.  The  propellent  generally  considered  fo  be  most  pro- 
mising is  hydrogen  and  a  possible  fuel  which  has  received  a  good  dea 
of  study  has  been  OF^  containing  the  fissionable  isotope  of  uraniBtnn. 

^,    .  .■■.■■■■■'■„-    .  i;;:^''.'  '-'U-jS 


As  envisaged  such  a  device,  presupposing  that  flow  and  containment 
could  be  sustained,  would  operate  at  exhaast  gas  temperatures  of 
10,000  deg.R  to  I5,ddO  deg.R.  and  specific  impulses  of  up  to  3,000  sec. 
are  planned.  Performance  and  endurance  cidculations  by  BagAdale  and 
otlvers  have  shown  such  a  figure  for  specific  impulse  would  correspond 
wit±i  a  t±irust  weight  ratio  which  would  enable  a  vehicle  designed  for 
a  round  trip  to  a  planet  such  as  Venus  with  a  total  vehicle  weight  of 
about  half  of  that  obtaining  in  the  case  of  a  solid  cored  reactor  rated 
for  a  similar  mission.  (  1,2,3,4,5). 

Because  of  the  extremely  hi^  pressures  which  would  obviously  be 
necessary  in  a  reaction  of  thxs  kind,  there  is  a  body  of  opinion  which 
considers  that  tliere  must  be  an  induced  differential  between  the  flow 
rates  of  the  two  gaseous  components  as  they  pass  through  the  cavity 
which  has  been  formally  esqpressed  in  terms  of  'residence  times'  This 
implies  that  there  is  a  Separation  Factor  wfaidi  is  the  ratio  of  tihie 
hjrdrogen  velocity  through  the  reactor  to  that  of  the  fissionable  fuel. 


It  has  been  shown  that; 


S  is  Separation 


'.flirt,      -5  a  iC*       /0,(rH  factor. 

Np  is  the  critical  density  at/c.c. 
T  is  the  reaction  temperatiire  deg.R. 
yd  i«  the  hydrogen  to  fuel  flow-rate  ratio. 


>*a.. 


n*t; 


ULth  a  separation  factor  of  100  liiere  seems  to  be  a  theoretically 
feasible  reactor  type  but  the  engineering  problems  are  fonnidable  and 
methods  of  bringing  about  partial  separation  would  clearly  be  extremely 
complex. 

IVo  methods  which  have  been  proposed  which  mi^t  provide  a  basis 
for  operating  have  been; 

a.  Vortex  containment  sWstems  which  may  be  single  or 
maatiplex.  (1,2,3,4.) 


b.  00->axial  flow  systems.  (2) 


■'X 


In  addition,  some  attempts  have  been  made  at  JPL  to  analyse  the 
-conditions  of  operation  of  a  plasma-core  type  reactor.  So  far  the 
bulk  of  the  work  has  been  of  a  theoretical  nature  but  some  publi- 
cations of  the  Russian  Kikoin  working  in  this  field  might  indicate 
that  tiie  theory  has  been  applied  to  an  extent,  Calciaations  by 
G.Safronov  have  shown  that  with  a  cavity  radius  of  about  1  meter 
using  a  0,0  reflector  a  charge  of  about  2kg,  would  correK>ond  to  a 
condition  of  criticality. 

Hhese  details  of  cavity  and  vortex  stabilized  cavity  reactors  are 
cited  in  this  paper  because  they  seem  to  provide  ttie  first  and  ob- 
vious solution  to  the  vital  problem  of  the  propulsion  g«p  and  ther« 


can  be  little  doubt  that,  in  terms  of  feasibility,  of  range  and  of 
thrust  these  prune  movers  will  be  attainable  after  particularly 


y^ft. 


^6P 


While  work  in  this  directioti  is  slken  to  have  promise  there  are  a  > 

number  of  other  directions  in  which  enquiry  should  be  directed,  par- 
ticularly those  in  which  there  seems  to  be  promise  offered  by  ac-„ 
ceration  of  plasma  or  ionised  gases  at  relatively  low  magnetic  itey- 
nolds  numbers  at  which  hi^  temperature,   containment  and  radiation^ 
problems  are  much  less  formidable*  As  an  introduction  to  these  it 
is  profitable  to  study  the  applications  of  MHD  drive  to  vortex  sys- 
tems such  as  :^hose  suggested  by  tiie  work  of  Rozenzweig  a^  his  col- 
laborators^ noting,  howevi^r,  that  their  goal  has  been  a  different  one.  (3 
There  is  also  the  work  of  Gross  and  Kessey,  who  have  examined  the 
tiheory  of  an  MHP  plasma  centrifuge*  (4)*  In  this  the  plasma  is  con- 
tained between  two  co-fucial  cylinders.  Fig. (   ). 

MHD  Equations  and  Analysis  of  the  Plasma  Vortex. 

Gontinjiity     V  V  =  q^  2, 

Momentum       ?(iV/dt)  ♦  "^  p       =     J  xB  3. 

Faraday's  Law      V   f  =     -CdB/dt)  4. 

■  -♦•,■"■ 
Ampere '  s  Law    r/xBf-Z^J  5, 

-^  '       -*    -*      -*■ 

Ohm's     Law  J  =n  K  +V  x  B  )  6, 

-*■■■. 
Divergence  Law  "^    ^  B     •0,  7, 


V=  flviid  velocity 

B  =  magnetic  field  vector  —  ^ 

E  =  electric  field  vector 
'  f  =  bulk  fluid  density  ^  . 'k^mS^.^''!m;^-'' 

0"  =    conductivity  /"' '■'.■\-''' .v^.; !:;::: ' 

yU  »  magnetic  permeability. .   r 

From  the  above  basic  equations,  equations  for  mass  'flow 
in  a  lon^  cylinder  may  be  derived,  using  a  single  fluid  density; 


•,^s.<!: 


-':#:  .  e;.   =  i^ 


//4Tj/.*<rr)  "    ^(,^0 


K,     *f- 


('1 
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Ss^yr^i-  c«aBwr.ij«  eewipLex  fluid  Buch  a«  a  partially  ioniaied,  incaUDpressible 
la  fpliUfW^  <-  ialectr»|M ,   light  and  heavy  ions  lit{ht  and  heavy  neutral  ^ar- 
,».  it:(,cl««.)  1 


■"XviO  :>  . 


.  1-  ^  '^i 


C0^< 


I-, 


1  s  I 


f^i  -      number  density  d£  species  1 


n.^  = 


mass  o£  particle  of  taw  -JMl^aBieciea 


:  V  A  solution  is  obtainable  from  detailed  consideration  of  the 
above  relationships  defining  the  electric  power  required  to  rotate 
plasma  par  xmit  mass,  which  is; 


iC/fa.fo 


where 


.-y^, 
•^s* 


■h- 


while 


''^•''is  radial  Reynolds  no 
P  total  electric  power  input 
n.  ™  is  absolute  coefficient  of  viscosity 
(J),   electrical  potential  difference  across 

electrodes. 
y      density 

Oo  ia  applied  axial  magnetic  field 
f   is  radius  of  outer  electrode 


J 


IS 


-T^/fc 


t' 


{m  *,) 


''M 
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Typical  results  which  have  bseb  obtained  from  studies  on  gaseous 
core  rockets  sre  represented  by  tlie  following  data; 


Eidumst  gas  temp. 

B 

11,000  deg.  R. 

Average  gas  press* 

= 

500  atm. 

Reactor  volune 

= 

10.3  cubic  metres 
1.21  X  10**  Kw. 

Tbtal  power 

S 

Keactor  radius 

S 

1  metve 

Badid.  current 

s 

348  amperes. 

Voltage  diff . 

s 

50  volts. 

Aadal  magnetic 

10^  gauss. 

field 

= 

Mass  flow 

= 

5.63  lb.  sec. 

nirust 

= 

16,900  lbs. 

The  -Urust  is  still  comparatively  small  and  woiild  have  to  be  consid- 
erably increased  in  order  to  justify  the  effort  that  will  be  needed  to 
realize  serviceable  eqriipment  working  on  these  principles. 

Rosa  has  pointed  out  in  a  recent  study  of  a  combination  of  a  cavity 
reactor  with  an  MHD  generator,  tiiat  the  cavity  reactor  as  discussed 
above,  suffers  from  tiie  rather  important  disability  that  a  good  deal 
on  unfissioned  iiraniimi  would  be  duiq>ed  in  tiie  esdunist  and  that  full 
efficiency  covild  only  be  maintained  if  this  could,  somehow,  be  re- 
covered and  recycled.  Ihis  rather  difficult  task  could  be  obviated, 
he  believes,  by  the  use  of  the  combined  cavity  reactor  and  MUD  gen- 
erator. (8). Figs. 

As  illustrated,  the  installation  also  includes  an  MHD  generator  of 
a  kind  now  considered  to  be  practicable  after  a  good  many  development 
difficulties  have  been  resolved.  It  would  produce,  in  conjunction  with 
a  cavity  reactor  about  300  tons  of  thrust  and  operate  with  a  specific 
impiilse  of  about  1,000  secodiAa.  The  operating  chanibcr  ysAssure  and 
temperature  would  be  lOOMaospheres  and  300  deg.K.  using  a  working 
fftuid  consisting  of  h3rdrogen  comtaining  1%  U235  snd  1%  Potassium 
vapour.  For  criticality,  it  would  reqiiire  a  oxameter  of  about  2  metres 
and  would  need  a  D2O  blanket  of  about  7  tons  weight.  Gas  escape  temper- 
ature would  be  about  2,000  deg.  K.  and  pressure  would  be  atmospheric 
after  a  100/1  expansion.  Oie  MHD  generator  working  from  tiiese  exhaAst 
gases  would  be  designed  for  a  gas  flow  of  1.45  x  10  mols/sec  and  for 
a  power  output  of  14,000  megawatts.  This  is,  of  course,  high  compared 
with  existing  power  generating  plant  but  is  not  high  compared  with 
output  achieved  with  chemical  rodcets  for  short  periods.  It  should  be 
quite  adequate  to  put  a  100  t<xi  satellite  into  close  orbit  and  wovild 
be  invaluable  on  longer  space  missions  on  which  there  would  be  a  re- 
quirement for  substantial  power  to  deal  with  contingencies. 

Study  of  MHD  generators  of  the  above  type  is  leading  to  new  approaches 
to  the  study  of  plasma  and  highly  ionized  gases  both  as  a  source  of 
energy  throu^  fusion  reactions  and  as  means  of  storing  energy  which 
may  be  drawn  off  for  propulsion.  It  is  becoming  better  understood  that 
the  properties  of  plasma  in  a  magnetic  field  in  which  it  behaves  as 
a  diamagnetic  medium  (  k  <  1)  depending  for  its  conductivity  on  the 


Wbrnrgy  ««  it  may  be  used  £ar  porpoeee  of  propulelan 
be  stored  in  tiie  folIoNing  weys; 

!•  As  f*t^m4  nmi   energy*  fueXs;  phenomena  o£  combustion 
dissociation  etc. 

2.  As  nuclear  energy,  fission,  fusion  or  otbnr  processes. 
3*  Momentum  as  in  flywheels. 

4.  Electromagnetic  energy,  currents  flowing  in  induct- 
ances* 

5.  Electrical  energy  in  condensers  or  capAcitors* 

^f  Uq  represents  energy  density,  lee  Joules  /  cm  .jja^  have  been 
ab^e  to  obtain  from  chemical  e3q>losive8  W-   ^    10  /  cm-^. 
In  order  to  obtain  a  similar  density  in  a"  magnetic  storage  sys- 
tem, the  field  strength  H  would  need  to  be  C^  1*6  x  10^  gauss. 
If  one  considers  tiie  rimHof  a  flyidieel  made  of  steel  moving  at 
the  periphery  at  sonic  speed,  Hie  kinetic  energy  at  tlie  rim  is 
500  Joules  /  cm^.  Ihere  would  be  an  upper  limit  here  imposed  by 
the  strength  of  1±ie  material.  In  condensers,  one  may  have  an  en- 
ergy densxty  of  about  10"^  Joiiles  /  cm^,  much  below  tlie  value 
i^pertaining  to  a  flj^wheel.  Mucb  attention  has  been  paid  recently 
to  tile  impzx>vement  of  electrical  engineering  materic^s  and  with 
improved  oxides  of  titanium  with  exceptionally  hig^  dielectric 
constants  it  is  hoped  to  be  able  to  produce  condensers  with  the 
capability  of  storing  a  charge  of  over  I  Joule  /  cm^.  It  woul4 
appear  titiat  the  discovery  of  tiie  optimum  conditions  of  conferring 
energy  of  motion  to  charged  gases  probably  in  ^e  comparatively 
stsble  configuration  of  the  vortex  presents  one  of  the  best  al- 
ternatives needed  to  resolve  the  propulsion  problem.  It  would  also 
involve  means  of  converting  and  diverting  the  momentua  thus  stored 
into  linear  acceleration.  A  survey  of  ttte   principal  natural  proces- 
ses of  large  scale  transport  phenomena  such  as  movements  of  air 
masses  or  of  portions  of  the  solar  corona  wotild  seem  to  stress  the 
ultimate  feasibility  of  the  concept. 

Electomagnetic  Plasmoid  'Whirls' 

It  is  well  known  from  the  established  tiieory  of  magneto- 
hydrod3mamic8  that; 


J  -        (E+¥xB) 

Where  J  -  Current  density 

<f  s  Conductivity  og  pirn  gas 
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'  fe  =  Magnetic  field  vector 

V  »  Velocity. 

■  =  Electric  field  vector. 
nd.8  is  a  special  form  of  Ohm's  law  applicable  to  plasma  transport* 
In  addition,  the  Magnetic  Reynold's  Number  V^    is  defined  by 

Bm=  -V^^ 

^^■::#^t*/^^^;.^:4•^«■.^s;■v'  -■■•'^f'... .-       yUf  is  peimesbility  of  free  space 

iT  ^   Tare  as  above  ;    1  is  a  lineiir  dimension 

Ihere  are  generally  two  main  regions  to  be  considered  when 
t±ie  question  of  moving  ionized  gases  or  plasmas  az*e  iinder  con- 
sideration. They  are  those  in  which  ;  (1)  IL  ><>  1-  andt 
C2)  R^   ^1  1.  Fig.  ^  1^ 

''•■•'   » 

(1)  Ttiis  is  the  region  of  thermal  or  equilibrium  ion- 
%is-^'-..--^                ization  occurring  at  high  temperatures  and  is  typical 

of  the  conditions  obtaining  during  the  investigation 
of  fusion  devices. 

(2)  This  is  ttk&   region  of  extra- thermal  or  non-equil- 
ibriimx  ionization  and  which  has  long  been  known  in 
connexion  with  investigations  on  low  pressiire  gas 
discharges. 

niere  would  appear  to  be  a  region  on  tiie  general  curve  (fig  0 
lying  below  the  point  of  inflexion  of  the  curve  which  has  not 
received  much  attention  but  which  has  been  under  consideration 
in  connexion  witii  Hie  setting  up  of  rotating  plasmoid  systems   %^ 
which  have  been  mamed  'whirls*  by  Japolsky  who  has  carried  out  "'"- 
an  extensive  investigation  on  l^eir  properties.  Iheir  conception 
and  relationship  w&th  eAa  wave  systems  rotating  in  vacua  curose 
from  analysis  of  propagation  from  a  wave  guide  iinder  particular  '■^ 
conditions.  Diey  are  particular  solutions  of  the  Maxwell  equat- 
ions. 

ThA  Maxwell  eqiiations  may  be  set  out  as  follows; 


E  -C  curl  B     ;    B  =  curl  E 


^0 


div  E  =  0     ;      div  B  =  0 

E   is  ekectric  field  intensity  vector  |e.s.lf 
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B  ±B  ttiB  HRgnetic  field  intensity  vector 

dot  over  vectors  indicates  d/dt  in  fixed 
coordinates  and  c.d/dt  in  invariant  coor- 
dinates* 

In  addition,  solutiona  of  Maxwell  *8  equations  most  always  sat- 
isfy tile    'wave  equations* 


O     B  =  0           ; 

D     B  =  0 

where   Q^  = 

^'    ♦     liiU) 

s 

V'-*    l-_. 

in  fixed  coordinates 
^^       in  invariant  coordinates 

i- 
^7    =  carl  curl   +  grad  div, 

c  is  the  ratio  between  the  absolute  electrostatic 
and  absolute  electromagnetic  units  of  field  intensity 
and  is  usually  referred  to  as  tibe  velocity  of  light. 

ff     In  the  Idieory  we  are  obliged  to  take  account  of  two  kinds  of 

f^  solutions  to  the  Maxwell  equations.   These  are   (1)  An  elementary 

%  solution  ('simple  i^rtiirl).    (2)  Integral  solutions   ('compound  whirlal 

.  -^        ^   -^  r,  /  Li(x+n^.)  ^F^yj.f- 
For  liie   'simple  whirl*      /  £■  -r  f^fi.   K  {^t  U^ 

A  is  the  anq>litude  constant 

R  is  a  symbol  indicating  that  only  tiie  real  portion 

of  the  complex  expression  in  the  brackets  need  be  taken, 

la  a  non-dimensional  constant 


^'^■■■..''l*'^^ 


-ii'V: 


V  is  tiie  velocity  of  motion  of  tdtie    'whirl'  with  refer- 
ence to  a  coordinate  system  taken  as  fixed. 

£»     -   "zn"  ^  -  ^/  S2 

^  A.  c 

\  is  tlie  wfve  length  of  the   'whirl. ',,      .; 

A-    ia  its  frequency' ~  ''V^v;:^■. :■•:■"'?:•■';?' 

p  Q      is  its  angular  frequency  with  respect  to  the 

-'^     Moving  coordinates. 
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«h«re  ^  is  tkf  axial  coordinate  with  raf  aranca  to  tha  noving  eoordl* 
nata  ayatam  and  may  ba  callad  an  invariant  axial  eoordinata  ),  by  tiM 
relationahip; 

X  =  x^  ♦  vt 

t     ia  time  in  aeconda  z^  . 

L    18  t±ia  xnvarxant  tima  coordinate        -Z'  ^ 

.     ia  a  non-dimensional  constant  which 
/     ci^aracteriaaa  tha  exponential  £all  in 
tlia  field  intenaity  in  the  axial 
■■■;^'&'  direction  r,  ■' 

y     -       1 ^  exponential  dacreaant  £n* 

^''';..       The  iq>per  aign  (-)  relates  to  5  >  0,   i.e.  the   apace  in  front  of 
i0  the  central  plane  (       =0  )  while  the  lower  aign  (-•■}  relataa  to 
"      (       "0),  i.e.   space  behind  the  axial  plane.  Alao;  v    .  J4 


*fev,; 


Q,  .  9  ^¥4       ■=    ^       <:  -7  -"'■ 


where  ^  ia  the  angular  or  azimutdial  coordinate,   i.e.  the  invariant 
angular  coordinate* 

G  and  H  are  vectors  depending  on  the  radial 
coordinate  above. 

Of  especial  significance  to   the  theory  are  the    'whirls'  in  which 
either  tiie  electric  or  magnetic  vector  ia  situated  entirely  in  title 
angular  planes.  These  are  called  "electropolariaed"  or 'taagneto-pol- 
arxsed  respectively  and  are  aomawhat  analogotis  tp  tiie  tenna  "trana- 
verse  electric"  and  "transverse  magnetic"  or  "H-waves"  or  "E-  wavea" 
in  wave  guide  theory*   In  order  to  develop  ttie  above  conceptions  of 
polarization,  we  may  write,   in  the  firat  instance,   the  e:iq>re8sions 
6  and  U,  for  the  electropolariaed  'whirla' 


6  S  ^    ^  ^ 


S  .<i3 


a 


A-SJ'  ~K'^  m*^^f^^'^f}::p'>^f''ri'^.^^i 
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Hmm  «•  B«8s«l  ftnotiona  of  iixe  first  kind  (Bessel  coefficients) 
of  the  order  V..     of  an  arguBient;  _,    ; 

,;;jvQv.^  ^  ;■     :;v:.   :  ■  j  V  >  -n 

v 

which  is  tibe  ssne  in  all  cases  when  y    =   9^  l/^    is  sn  invariant 

^  coordinate* 

The  solutions  for  tile  'teagneto-polarised  whirls"  would  be  expressed 
in  exactly  tibs  sson^way  but  with  the  sole  difference  that  tiie 

;     functions  q    MKk    ^  in  tbe  above  would  be  interchanged. 

Ihe  characteristic  expression  for  the  **coaq>ound  whirl"  nay  now  be 

where    lY'         is  an  arbitrary  function  insofar  as  tiiis  is  con- 
sistent with  conditions  of  physiaal  reality* 

There  is  an  iaportant  caae  in  which;  /     ) -i 

Here,  tibe  seccmd  tern  of  the  Right  Hand  expressUtn  indicates  the 
dispersion  of  tlie  centres  of  elementary  "siigple  whirls'*  which  to- 
ge^er  constitute  the  cos^Mund  one* 

Uhen  ti&e  upper  Unit  of  the  integral       /^  ('        iS^  -      Jj^y 

.  Is  finite  i.e.  irtien   /"  i_  is  substituted  for  * ,  the  tjfpe  of 

*whirl^  whi^  would  result  is  defined  as  a  'fragpient. ' 


Xhia  would  be  a  relatively  unstable  entity •-     >.f.' 


Properties. 

From  tiie  above  formulation,  it  should  be  appreciated  that  a  'whirl 
forms  waves  (in  the  azitmithal  direction)  which  rotate  about  tiie 
axis  with  an  angular  velocity;  /)(~)  n    a 

y   .    ^ti  (^^  '  —   '-  — 


Hence,  in  tiie  radial  direction,  there  resiilt  standing  waves  cor- 
responding with  liie  nodal  circles  of  the  Bessel  functions  out- 
lined abave,  or  of  their  appropriate  integrals.  In  a  'simple  whirl' 
the  loci  of  the  nodal  circles  i.e.  the  nodal  surfaces  willlHae  cyl- 
inders, in  a  compound  whirl'  or  'fragpient'  they  will  be  surfaces  of 
revolution  with  curved  generating  lines. 


nie  total  energy  of  the  'whirl  * ^  system  may  be  determined  to  be; 

(  the  dots  indicate  scalar  multiplication). 
Extended  over  all  space  tiie  above  qxiantity  becomes; 


£ 


llie  energy  of  a  compound  whirl  being  finite,  its  existence  in 
a  complete  form  within  a  confined  space  is  physiaally  possible. 
On  title  other  hand,  a  'simple  whirl'  or  a  frafment,  for  which 

, could  only  be  partially  realized  in  a  limited  space. 


For  a  compound  whirl'  where  energy  if  finite. 


Z- 


^„c 


^  key 


^  is  a  constant  which  has  the  dimensions  of  angular  momentum 
which  remains  invariant  for  a  given  'whirl'.  It  corresponds  to 
Planck's  constant  although  it  might  not  be  eqiial  to  it  numeri- 
cally. The  angular  momentum  of  the  'whirl  'is  2.  n  ^  Thus  the 
invariance  of  ^  represents  the  law  of  conservation  of  angular 
momentum  imparted  to  the  system. 


■^   /;;*  S.Jl-Af-?f';'->"*"^::*/ 


3?7 


a0t  in  iraca»  but 
C  •eicded  or  maecdcd)  c 
cooMtant  (r    h&th.  im 


be  csq^tvMdble  in  the  fnm; 

C,i      ft. 

in  tlie  foim;    ^T  *  -— 

^  ATTA 

i  ^  «■«  tar    €^aiMl  Q^wlll  be  the  saw  «• 
£  aaA  «    «  but  vlth  ^         «nd   (*       enbetxt- 

J^4agadM  -apaa  the  degree  of  its  iooizat- 
«»   £^riildi  Tepresents  tiie  intensity  of 
OKt:    ^Is  snalsgoos  to  tbe  local  "e.B.f. 
!■— Jiu  tlie  product    of    resistivity  x 
y    e?    would  be  »   tiian     g?.  • 

m  ni%i1i  1 1    loniniHon  in  isost  gases  results 

is  XMllsed. 

pin— oid  systems  described 
helix  with  a  geometry  con- 
dcaanded  by  the  systen.  Electric 
lie  mm  polyphase  current  and  a  pusping  field 
:t  sp  m  las  betseen  the  linear  and  angular 

lliir^i  and  angular  velocities  of  tiie  field. 
this  vonld  favour  ionization.  Over  and  above 

vonld  also  take  place  as  a  result 
«d.tlft  a  substantial  compression  of  the  gas- 
by  the  *«hirl. ' 


output  reqaix«d  to  •JcniiBe  F  particles  xoider  nomal 
be; 

•  F  ▼.  ^  "^      per  particle.,:  :■ '.■"., :-V,^'.., 

electric  charge 

tT  vS.  particles  ionised 
r£  is  the  icarfrfng  potential 
!.£     is  the  isaixivg  cffifccjenqf. 


pi  SMS  «ore  fully  ionised 
is  given  by  MiUer  (12)  in 

-.--■  .'.  V  ;,'■■■'' ■'-■  •,■■■■■';.■■- 


.--(-r)f,_(ij'j] 


^v  is  electromagnetic  field  frequency, 
tv   is  plasma  electron  frequency. 

It  should  be  noted  that  in  coomunications  on  applications 
of  'whirl'  theory  to  deflection  of  light  in  the  Son's  gravitation- 
al field  on  theories  of  nviclear  structure  and  of  the  nature  of 
fundamental  particles  Japolsky  has  claimed  confirmation  by  the 
calculation  of  fourteen  physical  constants  applyiiij^;;  in  his  formulae 
only  five  well  known  and  established  factors  (  c,  h,  c,  m^  ioid   ) 
tile  velocity  of  light,  Planck's  constant,  the  electronic  charge,  the 
protonic  mass  and  the  gravitational  constant  respectively.  liis  data 
derived  from  the  above  includes  the  mass  ratio  of  the  electron  and 
proton  the  mass  of  the  neutron  and  of  the  light  naclei  .H^,  ,H**, 
and  lie  .  It  is  remarkable  to  note  that  these  conceptions   * 
have  permitted  a  calculation  of  the  pefciod  of  rotation  by  pure 
theory  for  tiie  planet  Venus  df  20hr8  and  45  minutes.  Radioastronomical 
data  published  after  that  gave  22hr,  16minute8.  Oliere  are,  in  addition, 
some  interesting  and  speculative  proposals  for  the  realisation  of 
nuclear  power  from  a  different  route  than  fission  and  fusion  result- 
ing from  the is  analysis.  Consideration  of  this,  however  is  outside 
the  scope  of  this  paper. 

A  certain  resemblance  may  be  detected  t4  'whirl'  theory  in  tiie 
interesting  woxic  of  Dr.Bostic]^  on  "Plasmoids, (16,17.).  In  his  exper- 
iments which  have  given  rise  to  some  thought -provoking  analogies 
betv/een  the  behaviour  of  small  slugs  of  plasma  generated  by  eleette- 
static  means  and  thfit<Sof  fundamental  particles.  He  has  briefly  exam- 
ined the  behaviour  of  a  h3rAtomagnetic  model  of  toroidal  configurat- 
ion analagous  to  an  electron  or  a  proton.  In  his  analysis,  Bostick 
has  related  rest  mass  energy  for  the  toroidal  election  model  with 
its  electromagnetic  field  energy    ,  which  he  finds  to  be 


H 


\-V^|el'.|^n^,(v^,'^7,.(,.J^,^) 


V  here  is  volume      ^  '  1 1-  I  *        „   ,t/i 
R  is  the  major  radius  Sifl/«'   /  '" 

r  is  the  minor  radius. 

I       Iliis  author  has  pointed  out  that  in  any  force-free  configuration 
' involving  plasma  or  magnetic  fields  such  as  those  which  assume  a 
toroidal  form,  there  are  kelicoidal  enveloping  field  lines  which 
thread  the  system  such  that  their  pitch  angle  varies  from  90  deg. 
at  the  annular  axis  to  approximately  zero  at  the  periphery.  Hiis 
led  him  to  postulate  self -gravitational  forces  with  such  a  particle 
model  comparable  in  kind  but  not,  of  course,  in  degree  of  magnitude 
with  similar  self  gravitational  effect  within  force-free  electrically 
conducting  plasmas  occurring  on  a  galactic  scale  within  the  stellar 
universe. 


The  problem  of  designing  suitable  accelerator  and  dlvertor 
equipment  mayta  at  first  slglht  appear  foxmldable  particularly  when 
the  exceedingly  massive  nature  of  most  acceleration  equipment  Is 
visualized  even  when  these  are  designed  to  operate  under  conditions 
of  high  vacTia.  However  this  type  of  equipment  Is  not  always  massive 
and  the  work  of  Budker  and  Naumov  In  the  Soviet  Union  may  be  nitted 
In  this  connexion. 

Ihese  wozicers  have  published  accounts  of  their  development  of 
such  devices  as  an  impulsive  non^lron  (air  cored)  83mchr6tron  for 
which  a  stabilibised  beam  of  relativlstlc  electrons  Is  set  up  and 
in  which  a  small  addition  of  ions  Is  needed  to  compensate  for  de- 
cay of  the  electron  beam  through  coulomb  interaction.  V^th  tills 
beam  magnetic  fields  of  10^  Oersted  and  electric  fields  of  10^ 
v/cm  would  iresult.  llie  beam  in  question  idilch  Is  described  as 
transparent  for  ions  and  for  e/m  waves  and  which  can  be  sustained 
for  seiveral  hours  has  been  designed  specifically  to  act  as  a  focus-  . . 
sing  system  for  the  light  cyclic  resonance  accelerator  for  which 
Budker  has  been  responsible.  In  tills,  the  beam  can  be  sustained  in 
circular  fom  usin^  a  current  of  l6o,000  ams  with  a  ring  radius  of 
3  metres  producing  energy  of  100  B.ev.  Cne  accelerator  operating 
on  the  principle  with  a  ring  radius  of  17  has  neen  able  to  furnish 
a  beam  of  200-300  m.e.v,  'Jlie  installation  would  have  an  installed 
weight  of  only  -ISOkg.  Acceleastion  is  produced  by  means  of  R.F. 
techniques  using  millimetre  waves  (2-4  ran).  It  can  thus  be  seen 
that  extremely  high  ener-^  particles  can  be  made  available  using 
only  mediimi  weight  equipment,  ihe  adaptation  of  some  of  the  prin- 
ciples used  in  design  and  of  data  gained  by  such  accelerators 
would  be  most  useful  in  constructing  thrustors  for  space  prO« 
pulsion.  In  addition,  an  open  mind  will  need  to  be  maintained 
about  new  methods  of  realising  nuclear  energy  and  it  will  be  the 
task  of  the  astrophysieists  toaasist  in  this  field  armed  with  the 
newest  data  being  acquired  through  the  space  prograranes. 

If  the  states  of  matter  be  categorised  as  W   where  W,  ,  \l), 
W,  are  solid  liquid  and  gaseous  states  and  Vb.   categorised  as  the 
plastna  state  chemical  phenomena  (Wj^,  W2  and '^3)  would  come  within 
t±xe  energy  rantje  of  say  5  e.v,,  corresponding  to  valence  bond  forces. 
Radioactive  phenomena  would  be  placed  at  the  level  of  about  10  m.e.v. 
and  cosmic  ray  phenomena  at  about  10,000  m.m.c.v.  There  has  been 
suggested  that  a  fifth  state  of  matter  Wc  'nugas '  may  exist  composed 
of  electrons  isnd  free  nucleons.  This  would  be  a  common  state  in 
galactic  processes.  It  is  not  easy  to  rate  the  energy  absobbed  in  ' ■ 
the  production  of  this  but  it  would  not.  In  all  orobabilits,  be  of 
of  a  very  different  order  to  the  quantities  associated  with  fission 
or  fusion  processed  involving  i/,,  >;2  and  v/^  as  energy  levels.  xTiis 
would  be  5-  Vv^  ^  2OO  m.e.v.   There  Is  also  thought  to  be  a  sixth 
state  Wg  possible  within  tiie  ranges  0.2   ^  W^r  ^  4G.e.v.  "nils  would 
contain  a  good  many  free  mesons,  decayed  nucleons  as  well  as  electrons. 

since  it  Is  now  concnonly  recognised  that  upward  of  99%  of  matter  in 
the  cosmic  tiniverse  is  within  the  last  two  categories,  the   attainment 
of  energy  in  new  forms  and  the  application  of  these  to  inteirplanetary 
transport  can  only  be  a  matter  of  time  and  it  may  be  fovmd  that  nei- 
ther fission  nor  fusion  processes  are  particularly  suitable  to  res- 
olution of  the  problem. 
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LABORATORY  IN  SPACE 

Michael  I.  Yarymovych 

National  Aeronautics  and  Space  Administration 

Washington,  D.  C. 

,  „^;,,  ■„. ,  Summary 

The  manned  space  station  Is  growing  in  promlnance  as  the  potential  next  manned 
space  flight  project.  The  NASA  plans  and  studies  in  the  area  of  advanced  manned 
earth  orbital  systems  are  discussed.  The  requirements  for  an  Orbital  Research  Lab- 
oratory and  Its  uses  In  the  biomedical,  scientific  and  engineering  research  areas 
are  highlighted.  Potential  concepts  of  orbital  laboratories  ranging  from  minimum 
modifications  of  the  Apollo  spacecraft  to  a  large  24-man  space  station  are  compared. 

Background  and  Objectives 

The  earth  orbital  programs  of  the  United  States  have  been,  and  will  continue 
to  be,  the  foundation  for  accomplishing  the  utilization  and  exploration  of  space. 
We  have  learned  from  Mercury  space  flights  that  man  has  a  potential  usefulness  in 
space  which  may  be  the  basis  of  achieving  new  and  important  benefits  in  the  na- 
tional interest.  As  we  progress  from  Mercury  to  Gemini  and  Apollo,  the  U.  S.  space 
team  will  bring  us  several  steps  closer  to  the  development  of  manned  space  systems 
that  will  increase  critical  scientific  and  technological  skills  to  ensure  our  con- 
tinued growth  and  international  relationships. 

In  the  Apollo  Program  we  will  have  a  spacecraft,  three-man  crew  and  grotmd  ^ 
system  that  can  operate  safely  and  routinely  for  up  to  14  days.  NASA  is  studying 
the  possibilities  of  an  extended  duration  Apollo  spacecraft  for  early  experimenta- 
tion and  research.  The  Air  Force  is  considering  the  possibility  of  extending 
Gemini  with  an  experiment  module  to  periods  of  up  to  30  days.  We  believe,  how- 
ever, that  the  first  truly  operational  Orbital  Research  Laboratory  (ORL)  will  be 
a  versatile  multi-man  space  station  whose  flight  duration  may  be  as  long  as  several 
years  with  periodic  crew  replacement  and  resupply.   Such  a  laboratory  appears  to 
offer  the  best  means  of  deriving  direct  benefit  to  the  scientific  community  and  the 
general  public,  and  we  are  carefully  investigating  several  approaches  to  accaaq>llsh 
this. 

There  are  three  promising  avenues  of  approach  to  the  Orbital  Research  Labora- 
tory open  to  us: 

1>  A  system  based  on  the  Apollo  spacecraft  with  a  laboratory  section  added  (A(^) 
-'   capable  of  supporting  three  to  six  men, 

2.  A  medium  sized  Orbital  Research  Laboratory  (MORL)  with  four  to  eight  man,  and 


S.  A  large  Orbital  Research  Laboratory  (LORL)  with  24  men  or  mora.'\  ' 


'■/■s 


The  choice  of  which  of  these  approaches  or  their  various  combinations  Is  most  suit- 
able can  only  be  established  by  careful  study  of  the  various  objectives  of  mannad 
earth  orbital  flight.'        "TTf 'v;-- -"r'  '"::/'■'■  l^'^^''''--''^''-'^  ■«■^■"'■''■ 

■[i'^^§jSi^;:ff>A'Aff^'^.if^3'^iii  y.»f»^>  }:':>■  fli^[-^  V=■^'i'^^'«■'^■■;.'■' ;'."-v  ?>.  f\/ Jv.-- ,,:-' <   -'■  ■' :>!..^  v^,;•^v 


Hm  specif Ic  goal  of  the  NASA  study  effort  fit  ■umed  eartii  mrbltal  missions  is 
to  detcraine  the  best  aethods  that  can  be  used  to  advance  space  exploration  and  ex- 
ploitation through  basic  research  and  engineering  experiaentation  in  earth  orbit. 
The  scientific  coaaunity  at  large  is  expressing  a  great  interest  and  desire  to  par- 
ticipate in  a  sound  aanned  earth  orbital  research  prograa  dhere  one  can  utilize  to 
the  fullest  aan's  ability  to  observe,  discern  relationships  and  exercise  Judgaent. 
The  space  systeas  engineering  co—,inity  is  also  strongly  supporting  the  establish- 
■ant  of  a  versatile  orbital  laboratory  to  further  the  developaent  of  advanced  space 
flight,  systeas.  The  early  Orbital  Research  Laboratory  would  be  the  forerunner  of 
.rSN^an  operational  space  platfora  that  provides  direct  econoaic  benefit  to  the  public, 
'Xi:''^-'^.ttn:   instance,  through  greatly  improved  weather  forecasting  or  even  control,  earth 
, .,  >V  ^viewing  for  agricifltural  applications,  or  coaauiiications.  An  orbital  laboratory 
V    y  also  would  play  a  vital  role  as  a  stepping  stone  to  aore  advanced  space  operations 
■:':':'■': ::r:i  mm   a  facility  for  the  evaluation  of  prolonged  weightlessness  on  aan's  ability  to 
:   K^  function  and  survive,  and  for  the  asseobly  and  launching  of  large  space  ships  froa 
earth  orbit.  Thus  the  laboratory  directly  provides  the  basis  for  aanned  explora- 
tion of  the  planets. 

There  is  no  doubt  that  aany  of  the  objectives  described  above  can  be  achieved 
by  aeans  of  imasnned  satellites;  of  course,  with  the  exception  of  those  where  aan 
: ,  hiaself  is  a  subject.  We  believe,  however,  that  the  coaplexity  required  of  auto- 
;,aatic  equipment  to  accooiplish  soae  of  them  will  becoae  rather  overwhelalng.  The 
eventual  earth  orbital  prograa  will  aost  likely  consist  of  a  balance  between  un- 
,,;^, aanned  satellites  and  aanned  orbital  space  stations.   This  balance  between  machine 
^•nd  aan  depends  on  the  fact  that  when  the  sophistication  of  the  aission  grows,  the 
••chine  reliability  dlainishes,  and  a  point  is  reached  where  a  aan  in  the  systea 
'  becoaes  necessary  for  its  success.  Besides  being  able  to  repair  equipaent  aian  can 
i:  ::i,-,1v  ^  aade  a  very  necessary  elea^nt  In  the  operation  of  the  experisKnt  itself.  He  can 
aonitor  the  experiaents,  calibrate  and  align  equipaent,  and  use  his  judgment  to 
alter  an  experiaent  in  progress  to  meet  new  objectives.  Thus  the  inclusion  of  nuin 
in  the  system  aay  be  worth  tons  of  electronic  gear,  i^ich  would  be  required  to  re- 
place his  capability  to  perform  literally  thousands  of  different  tasks,  accepting 
thousands  of  different  commands,  and  providing  a  reliable  on-board  logic  and  memory 
•ystea. 

Because  of  the  large  variety  of  uses  to  which  the  OKL  can  be  put  it  is  neces- 
sary diat  it  be  a  hi^ly  versatile  systea.  It  has  to  have  the  voluae,  weight,  power, 
•tahilisation  and  crew  capability  to  perform  a  large  maber  of  tasks  and  be  flexible 
enough  to  respond  to  changing  deaands.  To  develop  a  better  understanding  of  the 
i  warious  deaands  involved  soae  of  the  potential  uses  of  an  CKL  are  discussed  in  the 
,'  :.'...  follofwiag  pages.  ,  .i« ,.-- ,'Vi  ■■■'*"'•  -W  •■■'■.'-"■■  •■* 

j-.A-'-  -  :..;^i^jgHi-ii4  ;^A/ftV  Applications  '.-^.^^ ,,,.;, j,,,::;^,.,.^,^;..,,^^^^ 

■icaedical  Research  ,  -L ''■-?':: i.^r '''-.■.  "f''''^     ■ 

One  of  the  initial  aain  uses  of  the  Orbital  Research  Laboratory  would  be  the 
•tndy  of  aan's  physiological  and  psychological  respoos  to  the  space  envirooaent 
and  the  deteraination  of  nan's  capability  for  perforating  naeful  aissions  in  space 
^  over  periods  of  aontha  and  years. 

OlltiEately  we  are  interested  in  asnned  planetary  aissions  which  require  flight 
tiafs  oi  -jwer  one  year.  The  validation  of  aan's  active  role  in  space  cannot  be  ac- 
coapliahed  by  siaulation  on  earth  because  of  one  particular  factor  peculiar  to  space: 
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"Weightlessness."     Weightlessness  may  "decondltlon"  man  to  such  an  extent  that  he 
would  not  be  able   to  withstand  the  re-entry  environment  on  return  to  earth  or   thie 
normal  gravitational  environment  after  landing.     In  order  to  understand  the  effects 
of  this  phenomenon  and  to  determine  how  to  counteract  the  long-term  effects  of  the 
space  environment  on  man,  all  effects  on  man  have  to  be  closely  evaluated  and  com- 
pared with  earth-based  simulation  studies. 

The  space  environment  may  affect,    for  Instance,    the  following  systems: 

Cardiovascular  System.     The  maintenance  of  an  adequate  cardiac  output,   with  prop- 
erly oxygenated  blood  to  supply  all  areas  of  the  body,    is  vitally  Important  since 
this    Is   the  mechanical  transport  system  for  the  cellular  nutritional  needs  and 
waste   product  removal.     The  existing  knowledge  of   the  role  of  the   gravitational 
force  field,  or  its  absence,   on  circulatory  dynamics  is  limited.     What  is  known, 
however,   points   to   the  fact   that  cardiovascular  dynamics  may  be  altered  signifi- 
cantly to   the  extent  of  causing  symptoms  which  would  lead  to  unconsciousness, 
upon  return  to  a  force  field  after  a  prolonged  period  of  weightlessness. 

Nutritional  Functions.     The  role  of  a  gravitjr  field  in  the  dynamics  of  food  ab- 
sorption,   transport  and  utilization  over  prolonged  periods  of  time   is  unknown  at 
the  present  time. 

Musculo-Skeletal   System.     The  musculo -skeletal  system  has  been  subject  to  specu- 
lation as    to  the  role  of  gravity  in  maintaining  muscle  mass,  muscle  function  and 
strength,    and  decalcification  of  bones   (mineral  mobilization,   deposition  and 
balance) .      It  is  presently  unknown  whether  these  functions  are  gravity-dependent 
or  primarily  dependent  upon  maintenance  of  muscular  contractions. 

Pulmonary  Functions.     An  area  of  vital   importance  are   the   long-term  effects   of 
partial  pressures  of  oxygen  in  excess  of  sea  level  partial  pressures.     What  kind 
of  changes,   if  any,   are  initiated  by  an  atmospheric  composition  dissimilar  to 
earth's?     How  do  these  possible  changes  affect  such  pulmonary  functions  as  venti- 
lation,   the  mechanics  of  breathing,   and  pulmonary  ventllatlon-perfuslon  ratios 
during  weightlessness?     The  definition  and  estimation  of   the  significance  of    these 
questions  are  yet   to  be  determined.      Some  of  these  could  be  duplicated  here  on 
earth,  but  interaction  of  all  multiple  factors  cannot  be  predicted. 

^  ^'-' ■  . ,.  ■ 

Biochemical  System.  Any  endeavor  which  produces  stress  in  excess  of  measured  ex- 
perience may  cause  havoc  to  the  endocrine  organs.  Much  needs  to  be  accomplished 
in  understanding  the  significance  of  these  fluctuations  as  they  relate  to  the  long- 
term  functional  usefulness  of  the  individual  and  his  well  being  after  return  from 
the  mission. 

Psycholdgical  Functions.   Little  is  known  in  the  area  of  psychological  variations 
induced  by  small  closed  societies,  isolation,  and  artificial  environments,  and 
;^at  is  known  cannot  yet  be  adequately  correlated.  Much  work  must  be  done  so  that 
some  adequate  measure  of  assurance  can  be  had  that  long-term  space  missions  will  not 
pose  undue  problems  in  this  area.       :--  a- :rr.,: ■  ■•V'r:;x^-'  -■■-■: r^-'rr.--^-'^r'--  r,-''..:.....----.^.  .  ■_-^.;:_.  r^;.^:.:,,.,^  ■ 

Vestibular  System.  This  area  is  related  uniquely  to  artificial  gravity  produced  by 
rotation  and  is  concerned  with  the  study  of  the  effects  of  Corlolls  and  angular  ac- 
celeration gradients  on  vestibular  functions.  Questions  which  must  be  answered  re- 
late to  the  degree  of  interference  with  function,  habituation  and  effects  of  changing 
magnitude  of  Corlolls  and  angular  velocity  as  a  function  of  space  station  configura- 
tions. ^  '   '.  ^  ,  ,,      '-i'i:.'-"''-''''r' 
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A  biomedical  facility  in  space  will  require  flexibility  so  that  any  eventuality 
can  be  adequately  measured  and  evaluated.  This  calls  for  a  high  degree  of  biomedical 
sophistication.   Such  sophistication  recommends  serious  consideration  of  the  use  of 
properly  trained  medical  personnel  for  flight  missions. 

The  fl^l  evaluation  of  all  biomedical  parameters  will  lead  to  one  of  the  key 
decisions  in  the  future  manned  space  flight  program.   It  will  answer  the  question 
whether  or  not  an  artificial  gravity  field  is  required  in  man's  life  support  environ- 
ment. 

There  are  three  successive  objectives  In  the  biomedical  experiments: 

1.  Determine  whether  man  can  operate  successfully  under  weightlessness  for  long 
periods  of  time  (of  the  order  of  one  year)  and  subsequently  survive  in  good  con- 

. /'    dltlon  the  environment  of  re-entry  and  normal  gravity  conditions. 

2.  If  there  are  Indications  of  difficulty  in  the  weightlessness  state,  determine 
whether  on-board  reconditioning  measures,  such  as  periodic  rides  on  a  low  ac- 
celeration centrifuge  or  the  occasional  applications  of  pressure  cuffs  to  the 

rf^;;' limbs,  will  enable  the  subject  to  operate  successfully  under  prolonged  weight- 
lessness, followed  by  re-entry. 

3.  If  there  are  conclusive  indications  that  periodic  reconditioning  measures  are  in- 
sufficient, determine  the  best  way  of  providing  artificial  gravity  by  means  of 

...  •  rotation  of  the  spacecraft  and  develop  techniques  for  crew  operations  in  the 
simulated  gravity  field. 

Scientific  Research 

Nhlle  the  blomedic  research  is  going  on  the  Orbital  Research  Laboratory  can  be 
also  utilized  for  scientific  research.  It  should  be  pointed  out  that  some  scien- 
tific experiment,  given  high  priority  today,  may  be  relegated  to  a  lesser  rating  by 
the  time  a  space  station  would  become  operational.  This  will  depend  largely  on  re- 
isults  of  unmanned  satellites  as  well  as  the  military  MOL  program.  However,  several 
.;.'  typical  areas  can  be  identified  as  being  of  considerable  interest. 

Astronomy.  An  orbiting  space  station  could  prroyide  an  astronomical  observatory  that 
would  greatly  increase  the  angular  resolution  and  extend  the  wave  length  range  be- 
yond that  possible  in  earth-based  observatories.   However,  some  experiments  on  an 
orbiting  observatory  might  require  pointing  accuracies  as  stringent  as  0.1  second  •  ' 
of  arc  with  photographic  exposures  for  as  long  as  one  hour  or  more.   Such  stability 
may  be  difficult  to  achieve.  A  possible  solution  might  be  an  astronomical  mission 
module  in  close  proximity  to  the  space  station  with  a  radio  command  and  an  optical 
data  link  between  the  platform  and  the  laboratory  with  periodic  servicing  of  the 
platform  by  a  laboratory  crew  member. 

■i-'.''  There  exists  a  large  range  of  astronomical  observations  that  may  be  made  from 

an  orbiting  observatory.   Significant  among  these  are: 

1.  Ultraviolet,  visible  and  Infrared  studies  of  the  planets,  the  solar  disk,  the 
.■;'%^,;         solar  corona,  galaxies,  nebulosltes  and  inter-stellar  gases.  . 

;^;    2.  Ultraviolet,  visible  and  infrared  studies  at  very  high  resolution  of  stellar 
.,      systems  and  a  search  for  planetSvof  nearby  stars. 

3.  Gamna  and  x-ray  telescopy.  . 
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4.     Radio  telescopy. 

Only  a  few  basic  Instruments  would  be  required  to  do  all  the  studies  listed  if  man 
were  present  to  align  and  calibrate  the  equipment,  change  attachments  to  the  basic 
Instruments  andi  select   the  objects   to  be  studied. 

Biology.     An  ORL  provides  an  opportunity  for  utilizing  the  unique  aspects  of  the 
space  environment  to  analyze,^ the  lelationshlps    that  exist  between  an  organism  and 
Its   environment.      Studies  would  be   concerned  with  environmental  effects   on  photo- 
synthesis,   biological  rhythms,   metabolism,   and  growth  and  development  of  organisms, 
such  as: 

•i'  1.     Study  of  various  physiological  systems  in  the  higher  animals. 

2.      Study  of   embryology. 

■( 
•''  3.     Growth  of   organisms. 

V    4.     Plant  physiology. 

Geophysics.      In  this  area  many  useful   experiments   could  be   performed.      Photography 
from  an  orbiting   laboratory  covering   several   regions  of   the   spectrum  such  as   in- 
frared and   ultraviolet   could  be   used   to  detect    surface  features  not  revealed  by 
conventional  photography.      With  a   "multlspectral"   sensing   device   the   spectral  ra- 
diation and   surface   features   could  be   identified   and  correlated.     This   would  in- 
clude correlation  with  known  mineralogical  composition  and  major  geological   fea- 
tures  such  as    volcanoes   and  moisture   patterns,    thus   developing   the   techniques  for 
future  planetary  exploration.      From   the   orbiting   laboratory  we  could  also  perform 
panoramic   photography  of    the  earth   for   cartographic   purposes   with  results    that 
would  be  useful   in  many  scientific    fields,   particularly  meteorology. 


'S 


Evaluation  of  the  characteristics  of  electromagnetic,, matter  from  high  alti- 
tudes will  make  it  possible  to  determine  the  utility  of  radar  and  microwave  emis- 
sion detectors  in  predicting  surface  roughness  and  detailed  topography;  this  may 
aid  in  better  definition  of  the  earth  in  oceanic  areas  by  radar  altimetry.  De- 
tailed definition  of  the  advantages  of  spaceborne  radar  systems  relative  to  geo- 
scientific  problems  would  be  a  major  step  in  determining  their  future  utility  in 
planetary  explorations.  ;: 

MeteoroloBy.   With  the  ability  to  use  high  resolution  cameras,  radar,  infrared 
sensors,  and  telescopes  an  orbiting  laboratory  could  contribute  significantly  in 
determining  meteorological  phenomena  affecting  weather  and  weather  prediction. 
Specifically  the  spaceborne  laboratory  could  be  used  to  observe  systematically 
cloud  systems  as  they  approach,  traverse  and  leave  certain  geographic  areas  with 
unknown  thermal  effects  in  each  season.  Man's  presence  would  greatly  contribute 
by  his  observation  of  peculiar  patterns  and  features  and  relaying  these  directly 
to  the  ground  observers  in  real  time. 

Physics  and  Chemistry.  An  Orbital  Research  Laboratory  could  contribute  greatly  to 
investigating  the  characteristics  of  space  that  cannot  be  measured  from  the  earth. 
These  characteristics,  when  studied  with  respect  to  the  overall  space  environment, 
electromagnetic  and  particle  activities,  may  lead  to  a  much  greatly  Increased 
understanding  of  materials,  communications,  relativity  effects,  artificial  radia- 
tion belts  and  planetary  system  evolution. 
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Engineering  Research  and  Development 

The  Orbital  Research  Laboratory  has  the  potential  of  providing  useful  facil- 
ities for  developing  and  qualifying  the  various  systems,  subsystems,  structures, 
materials  and  operational  techniques  that  will  be  required  for  future  manned  and 
unmanned  space  missions.  Th   addition,  an  earth  orbital  space  station  whLch  could 
evolve  into  an  orbital  launch  facility  would  gre.atly  improve  the  probability  of 
success  for  planetary  or  advanced  lunar  missions.   Launchings  from  orbit  would 
ease  the  requirement  for  boosting  large  masses  to  escape  velocities  by  assembling, 
refueling  and  checking  out  in  earth  orbit  planetary  exploration  vehicles.   How- 
ever,, orbital  launching  will  require  the  solution  of  a  variety  of  complex  engi- 
neering development  tasks  such  as  assembly  in  space,  checkout,  launch  procedures, 
fuel  transfer,  maintenance,  repair,  general  operations  and  logistics.   ^ 

Future  systems  and  materials  under  development  will  require  long-duration 
exposure  to  the  space  environment.   Many  parameters  of  this  environment  may  be 
simulated  in  earth-based  facilities;  however,  in  many  cases  large  volume  and  hard 
vacuum  requirements  favor  in-space  testing.   Furthermore,  ground -based  tests  ob- 
viously cannot  provide  the  conditions  of  weightlessness  or  partial  gravity  for 
extended  periods  of  time.  One  should  bear  in  mind,  however,  that  only  tests  which 
cannot  be  effectively  carried  out  on  the  ground  will  be  assigned  to  the  space  lab- 
oratory. 

Some  of  the  more  significant  potential  engineering  experiment  groups  for  Or- 
bital Research  Laboratories  are  identified  below. 

Crew  Systems.   The  study  of  advanced  life  support  systems  and  crew  equipment  under 
space  conditions  would  yield  valuable  information  to  support  man  on  long-term  space 
missions.   The  performance  and  reliability  aspects  of  advanced  environmental  con- 
trol systems  to  provide  cooling,  heating,  pressurization,  etc.,  for  future  space- 
craft configurations  can  be  evaluated.  Particular  tests  would  yield  data  on  the 
effectiveness  of  leakage  detection  systems  to  pinpoint  mlcrometeorold  penetration 
and  failures  in  hermetic  seals.   This,  in  turn,  would  lead  to  an  assessment  of 
sealing  techniques  to  correct  these  penetrations  and  failures. 

Extravehicular  Operations.   For  extended  extravehicular  operations  man  must  be  well 
versed  in  the  capabilities  and  limitations  of  individual  propulsion  units,  extra- 
vehicular suits  and  portable  life  support  systems.  The  Orbital  Research  Laboratory 
would  provide  a  test  bed  to  train  personnel  for  future  lunar,  earth  orbital  and 
planetary  missions. 

Electrical  and  Electronic  Systems.  The  performance  and/or  endurance  capability  of 
various  solar  and  chemical  power  generation  systems  operating  In  space  environment 
can  be  evaluated.  Various  items  of  communication  equipment,  such  as  very  high 
frequency  devices,  may  be  tested  to  develop  Improved  space  communications  in  terms 
of  advanced  components,  optimum  frequencies,  bandwldths,  transmission  power,  re- 
ceiver sensitivity,  reliability,  etc.  The  performance  characteristics  of  long 
lifetime  advanced  navigation  and  control  systems  can  be  studied  and  new  guidance 
techniques  evaluated. 

Propulsion  Systems.   The  effects  of  the  space  environment,  especially  weightless -^\- 
ness  and  long-time  space  exposure  on  ignition  devices,  re-start  capability,  fuel 
sloshing,  vortexlng  and  expulsion  could  be  determined.   Tests  could  be  conducted 
on  various  fuels  and  oxidizers  In  different  propellant  tank  configurations  and  with 
various  Insulation  techniques  and  materials.  Electric  propulsion  systems  could  be 
tested  under  true  space  conditions. 
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8trqctttr«»  md  UkfriMlM.    Many  tlattltaiMoas  •ffects  of  tha  spae*  •flnriraaarat  mich 
••  «Bt«orold*f  ▼•enui,  radiation  and  toaparaturc  cycling  on  various  charactarlatlca 
of  aatarlala  and  struciburaa  arc  difficult  to  be  meaningfully  raproducad  In  ground 
testa.  Ablative  ■atarlals  could  be  exposed  to  space  vacuum  and  temperature  ez- 
tremas  for  long  periods  of  time  to  evaluate  their  Integrity.  The  sero  gravity 
environment  may  be  suitable  for  the  manufacture  of  new  materials.  An  effective 
meteorold  protection  research  program  could  be  undertaken  with  the  eld  of  trained 
experimenters  who  would  help  deploy  large  meteorold  bumper  areas,  examine  penetra- 
tions and  alter  the  matarlala  to  devise  optimum  protection  schemes. 


Development  Flight  Testing.  Also  of  Interest  is  flight  testing  of  large  unmanned 
satellites  and  apace  probes.  Present  satellite  projects  require  a  costly  and  tlaw 
conaumlng  development  flight  test  program  necessary  to  obtain  reliable  flight  hard- 
ware. This  is  mainly  due  to  the  fact  that  we  have  not  yet  learned  to  build  ade- 
quate ground  simulators,  and,  thus,  testing  of  final  satellite  configurations  on 
the  ground  does  not  allow  an  Isolation  of  all  design  deficiencies.  By  orbiting  the 
test  article  as  a  "tag-along"  near  the  orbital  laboratory,  such  as  a  large  deploy- 
able  balloon  or  antenna  system,  thus  allowing  visual  observation  and  a  short  com- 
mand and  telemetry  link,  diagnosis  and  repair  of  satellite  malfunctions  would  be 
possible  through  extravehicular  operations  of  the  crew. 

Laboratory  Concepts 

HASA,  coordinating  fully  with  DOD,  has  been  studying  the  feasibility  of  manned 
Orbital  Research  Laboratories  and  the  experimentel  requireawnts  placed  on  auch 
spacecraft.  These  study  efforts,  which  are  continuing,  are  conducted  in-house  NASA 
aa  well  as  through  contract  with  the  aerospace  induatry.  The  Inveatigatloas  have 
yielded  to  date  a  algnificant  ainunt  of  data  regarding  many  phaaes  and  aapects  of 
potential  advanced  manned  earth  orbital  systems.  They  have  explored  on  a  prelim-  . 
Inary  basis  the  modifications  necessary  to  hardware  presently  under  development 
within  the  Apollo  program  ao  that  the  aame  baaic  spacecraft  could  be  utilised  for 
the  earth  orbital  missions,  and  the  studies  have  looked  at  new  vehicles  that  eoold 
accommodate  from  four  to  twanty-four  men.  Four  different  types  of  orbital  systama 
are  being  considered: 

1.  Extended  Apollo. 

2.  Apollo  Orbital  Research  Laboratory  (AOIL). 

3.  Medium  OrbiUl  Research  Laboratory  (NORL). 

4.  Large  Orbital  Research  Laboratory  (LORL). 

The  first  three  are  designad  primarily  for  a  Saturn  IB  launch  vehicle.  The  larg*^" 
GRL  utllisea  the  Saturn  V  capability.  For  Initial  missions  these  laboratories  ara 
all  considered  to  be  launched  into  circular  earth  orbits  at  altitudes  of  200-2CO 
miles  and  Inclinations  of  about  28  degrees. 


Vhlle  examining  the  means  by  which  a  manned  orbital  laboratory  capability  caml4 
be  raalliad,  the  studiea  also  continue  to  Investigate  logistics  systems  that  would 
support  these  orbital  laboratories  and  explore  the  operational  requlreawnts  of  suck 
systems.  Iha  Gemini  B/NOL  is  being  examined  as  a  potential  Integral  elaiMat  of  Ae 
OU.  program.  On  the  basia  of  these  studies  we  will  be  able  to  coapara  the  varloaa ., 
altamatives  and  arrive  at  a  choice  of  a  system  that  is  most  suitable  from  the 
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tMhalcal  ••  nail  •■  econoalcal  point  of  view.  It  it  becoming  increasingly  clear, 
libwaver.  that  Extended  Apollo  is  an  essential  element  of  an  expanding  earth  orbital 
frogram.  In  the  initial  stages  it  would  be  used  as  a  laboratory,  and  later  it 
eoald  be  converted  to  a  logistics  system.  The  AORL,  MORL  and  LOKL,  on  the  other 
hand,  are  presently  competitive  systems,  and  a  decision  will  have  to  be  made  lAich 
la  tbe  preferable  first  generation  ORL  system. 


of  the  study  results  to  date  are  highlighted  below. 

Ixtanded  Apollo 

Several  methods  for  extending  the  capability  of  the  Apollo  spacecraft  for 
longer  earth  orbital  missions  are  being  explored.  Although  currently  designed  for 
a  fourteen-day  mission  to  the  moon  and  back,  preliminary  feasibility  studies  indi- 
cate that  the  mission  life  time  capability  of  the  spacecraft  could  be  extended  to 
periods  of  up  to  three  months  without  major  modifications. 

In  this  version  (Figure  1)  only  supplies  such  as  life  support  stores  and 
stabilization  propellent  are  added,  and  some  redundancy  is  provided  in  the  sub-  - 
•yatems.  The  basic  Apollo  subsystems  are  not  replaced  by  more  advanced  equipment, 
thus  allowing  an  uninterrupted  growth  of  Apollo  from  Its  presently  planned  earth 
orbital  tests.  The  environment  control  system  is  only  changed  to  the  extent  of 
providing  a  two  gas  atmosphere  (adding  nitrogen) ,  because  pure  oxygen  may  be  harm- 
ful for  periods  o{  time  over  30  days. 

The  major  limitation  of  the  Extended  Apollo  as  a  laboratory  is  Its  limited 
pressurized  volime  (360  cubic  feet).  By  eliminating  one  crew  member  and  his  re- 
straint system  there  can  be  made  available. for  experimentation  about  190  cubic 
faat  of  volume  in  the  command  module  of  a  45-day  Extended  Apollo.  The  removal 
of  lunar  mission  propellent  and~~tai^kage  from  the  service  module  provides  then  an 
additional  1,000  cid>lc  feet  of  volime~^fox_experimental  payloads.  .  With  a  Saturn  IB 
launch  the  experimental  payload  available  aK^an  altitude  of  150-200  nautical  miles 
Is  about  5,000  pounds. 

Thp  Extended  Apollo  capability  can  gpev  to  over  120  days  uhen  some  subsystems 
are  changed;  for  instance,  one  oP^che''ir€qulred  changes  would  be  the  replacement  of 
the  present  fuel  cell  power  plant  by  a  solar  cell  system. 

Apollo  Orbital  Research  Laboratory 
i;  ■  ■   .:;«ftf;!;.o.^  '..;.'■•  ■•■•;   »'||>; 

The  AORL  is  an  oucgrowth  of  the  Extended  Apollo,  which  incorporates  a  5,600- 
cubic  foot  pressurized  laboratory  module  in  the  adapter  between  the  service  module 
•ad  the  S-IVB  booster  stage  made  vacant  by  the  removal  of .the  Lunar  Excursion 
Module  (Figure  2).  Such> a  laboratory  would  be  launched  Initially  with  a  crew  of  ft' 
three  in  the  Apollo  comnapd  module.   In  orbit  the  Apollo  would  d.isengage  from  the 
laboratory,  turn  around  and  dock  nose  first  to  the  airlock,  than  il lowing  the  crew' 
to  enter  the  laboratory.  Another  Apollo  spacecraft  could  ferry  up  three  additional 
craw  members  and  supplies, which  would  dock  at  the  opposfce  end  of  the  laboratory.  <^, 
fra«  than  on  for  at  least  a  year,  on  a  three -month  cycle,  new  Apoll'o  ferries  would^' 
4alivar  fresh  crews  and  supplies  or  equipment.   It  is  also  possible  that  modified 
0«alnl-B/NOL  spacecraft  may  be  used  as  ferries  and  modules  carrying  experimental 
gear.  '*• 

]|edl—  Orbital  Research  Laboratory 

1M  WML   is  directly  comparable  to  the  A{»L, except  that  it  is  launched  unmanned. 
,«..ho«t  tha  iMMMssity  of  carrying  the  Apollo  spacecraft  the  Saturn  IB  can  deliver  a 
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heavier  laboratory  Into  the  200  nautical  mile  altitude  circular  orbit.  Like  the 
AORL  it  accomnodates  a  six -man  crew  which  is  launched  on  snh  equent  ferry  flights. 
The  additional  weight  margin  over  AORL  allows  for  such  things  as  carrying  o£  more 
elaborate  equipment,  providing  better  radiation  protection,  and  a  hangar  for  dock- 
ing, repair  and  unloading  of  ferry  vehicles.  Figure  3  shows  a  Gemini  ferry  in  the 
hangar.  Apollo  or  Gemini  B/MOL  ferries  could  be  also  accommodated. 

The  basic  laboratory,  as  presently  conceived,  is  a  sphere,  twenty-two  feet  in 
diameter  surrounded  by  a  cylinder  to  make  its  aerodynamic  shape  compatible  with 
the  Saturn  IB  launch  vehicle.  The  pressurized  living  volume  is  5700  cubic  feet 
with  2,800  cubic  feet  devoted  to  experimental  usage. 

The  design  shown  has  two  compartments,  the  upper 'equipped  as  living  quarters 
and  the  lower  as  a  laboratory.  Between  decks  there  is  a  centrifuge  provided  for 
crew  reconditioning  and  biomedical  research.  Four  kilowatts  of  electrical  power 
are  supplied  to  the  laboratory  by  solar  cell  panels.  The  Internal  atmosphere  is 
maintained  by  reprocessing  the  air  to  recover  oxygen  from  carbon  dioxide.  Water 
Is  reclaimed  from  metabolic  wastes. 

Like  the  AORL  the  MORL  is  basically  a  zero  gravity  station,  but  could  be  con- 
ceived in  such  a  way  that  it  could  be  adapted  to  provide  an  artificial  gravity  field 
for  the  crew  In  the  laboratory.  The  laboratory  and  the  expended  upper  stage  of  the 
launch  vehicle  could  be  rotated  about  their  common  center  of  mass  utilizing  a  con- 
necting system  of  cables  (Figure  4) .   Note  the  stored  ferry  vehicles  on  the  side  of 
the  laboratory.  These  vehicles,  of  course,  have  to  be  stored  at  the  station  since 
the  crew  inside  the  laboratory  must  have  means  by  i^lch  to  abandon  thie  laboratory 
In  case  of  a  disaster. 

Large  Orbital  Research  Laboratory 

The  LORL  is  characterized  by  a  crew  of  twenty-four  or  more.  It  w6uld  be 
launched  with  a  two-stage  Saturn  V  vehicle  into  a  260  nautical  mile  orbit,  and 
maintained  there  for  a  period  of  up  to  five  years.   Figure  5  shows  one  of  the  con- 
cepts presently  under  active  consideration.  It  is  a  three-radlal-module  design 
with  a  diameter  of  about  150  feet.  It  Includes  a  zero-gravity  laboratory  at  the'^^' ^ 
central  hub  and  radial  modules  which  can  be  rotated  to  provide  artificial  gravity. 
Various  individual  sub -laboratories  can  be  accommodated  in  the  radial  modules  at 
varying  levels  of  gravity.  The  LORL  has  a  total  volume  of  about  67,000  cubic  feet 
and  weighs  about  247,000  pounds. 

The  long  mission  duration  of  the  LORL  requires  a  very  efficient  life  support 
system.  Like  in  the  smaller  laboratories  the  atmosphere  is  provided  by  regener- 
ating oxygen  from  carbon  dioxide,  and  water  is  maintained  by  reclamation  from 
urine  and  waste  water.   Thirty  kilowatts  of  power  are  provided  by  approximately 
7,000  square  feet  of  solar  cells.   The  crew  and  supplies  are  transferred  between 
the  earth  and  the  space  station  by  means  of  Apollo  like  slx-or  twelve-man  bal- 
listic or  twelve-man  lifting  body  ferries.   Figure  5  shows  a  lifting  body  ferry 
docked  at  the  station. 

The  LORL  offers  a  flexibility  of  performance,  manpower,  space,  and  electrical 
power  for  a  wide  range  of ' experiments  which  the  smaller  laboratories  cannot  provide. 
It  could  possibly  be  adaptable  to  operational  growth  into  an  orbital  launch  facil- 
ity for  planetary  and  advanced  lunar  missions.  This  great  versatility  may  provide 
greatest  cost  effectiveness  in  spite  of  the  Initial  high  Investment. 
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Hi*  rMilisatlon  of  ncf  of  the  Orbital  l«s««rch  Laboratorios  dlacoasad  bar* 
will  raquira  an  oparatiooal  tupporC  syataB  that  will  haavily  tas  our  praaant  capa- 
bility in  thii  area.  Prasantly  and  in  tha  foraaaaable  futora  apaca  flight  opara- 
tioaa  will  utillaa  tha  launch  facilitiaa  and  global  tracking  natworka  on  an 
itttanlttant  basia  with  aach  aannad  launch  vacaiving  yary  apecial  traataant.  Tha 
gradual  awolution  of  an  orbital  laboratory  ayataa  will  raquira  thaaa  oparationa 
to  ba  parforaad  on  a  auch  aora  routine  baaia.  To  aaaura  ■agtwi  utilisation  of 
t&a  praaant  facilities  and  thoaa  planned  for  the  Apollo  prograa  the  operationa 
aaaoeiatad  with  the  orbital  laboratory  will  have  to  be  conceived  to  be  aa  siapla 
and  ainilar  to  other  operationa  performed  in  connection  with  aanned  apace  flight 
aa  poaaibla.  Znteractiona  with  other  programs  will  have  to  be  defined  precisely 
and  flexibly  in  order  to  avoid  delaya  due  to  coincident  facility  utilisation  at 
tha  launch  aite  or  the  control  center.  Regardless  of  the  aathod  of  GKL  launch, 
ferry  and  resnpply  operations  will  be  required  for  any  extended  duration  missions. 
These  operationa  will  be  necessary  to  replace  the  crew,  provide  life  siq>port  and 
atabilisatiott  expendables,  replace  experiments,  deliver  spare  parts  and  provide 
fuel  for  orbitkeeping  or  changing.  The  requireswnts  on  the  ferry/logistica 
vehicle  are  that  it  must  have  a  round  trip  capability  and  alwaya  be  ready  at  the 
(ML   for  eaiergency  evacuation.  This  in  turn  enforcea  aevere  requirements  on  the 
spacecraft  in  terma  of  long-term  orbital  atorage  capability  aa  well  as  capability 
for  rapid  checkout  and  maintenance. 


Craw  replacement  could  be  accomplished  by  a  ferry  apacacraft  uaing  launch, 
randasvoua,  re-entry,  landing  procedures,  operationa  and  landing  sitae  currently 
plaanad  and  being  developed  for  the  Gemini  or  Apollo  program.  The  choice  be-  - 
tmaan  Gemini,  modified  Gemini  B/MOL,  Apollo  or  a  new  generation  of  larger  bal- 
listics or  lifting  body  ferry  vehicles  and  their  respective  boosters  is  presently 
unresolved  and  will  depend  upon  the  operational  requirements  for  crew  replacement 
and  raaupply.  Figure  6  shows  the  varioua  ferry  vehicles  and  laboratoriea  preaantly 
being  conaidered. 


A  great  amount  of  atudy  is  still  required  to  illuminate  all  of  the  ayatema 
poasibilitiaSr to. determine  technological  developawnt  requirements  and  to  eatablish 
a  coherent  earth  orbital  program.  Only  through  a  concentrated  effort  on  the  part 
of  both  MASA  and  DOD  to  recognise  each  other's  individual  and  our  mutual  goala  can 
wa  arrlva  at  an  economic  solution  to  the  Laboratory  in  Space. 
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Fis»i*  1.  EXTENDED  APOUO 
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Figur*  2.     APCttfLO  ORBITAL  RESEARCH  LABORATORY 
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Figur*  3.  MEDIUM  ORBITAL  RESEARCH  LABORATORY 
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Figur*  4.  ARTIFIQ  At  GKAVITT  PKUUUCEO  BY  ROTATION 
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Figure  5.  LARGE  ORBITAL  LABORATORY 
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BIOMEDICAL  REQUIREMENTS  FOR  SPACE  CABIN  ENVIRONMENTS 


WilUam  B.   Dye,   Major,   USAF,    MC 

Office  of  Deputy  for  Bioastronautics 

Ai^  Force  Missile  Test  Center 

Patrick  Air  Force  Base,    Florida 


Introduction 

In  ttiis  paper  I  plan  to  discuss  the  physiological  needs  of  space  crews  that  must 
be  provided  for  by  the  life  support  systems  of  space  craft.  I  will  make  no  effort  to 
define  how  the  space  crew's  physiological  needs  will  be  met.  This  is  a  task  for  the 
designers  of  life  support  systems,  one  involving  all  of  the  scientific  disciplines  and 
a  subject  far  too  broad  and  technical  for  me,  as  a  physician,  to  attennpt.  I  can  only 
hope  to  present 'the  more  urgent  physiological  requirements  of  space  crews  for  which 
provision  must  be  made  when  man  travels  in  space. 

I  have  divided  these  physiological  requirements  into  several  categories,    each  of 
which  will  be  discussed  independently.     Listed  in  order  of  decreasing  priority,   the 
•pace  crew  will  require: 

1.  A  livable  atmosphare. 

2.  Food  and  water.  ^ 

3.  Radiation  protection. 

4.  Provision  for  personal  hygiene. 

5.  Provision  for  control  of  fatigue. 

6.  Protection  from  the  effects  of  weightlessness. 

For  even  the  shortest  space  mission,  the  first  of  these,  a  livable  atmosphere, 
is  absolutely  essential.  The  others  assume  increasing  importance  with  increased 
Isnglh  and  complexity  of  the  space  mission. 

A  livable  Atmosphere  .     The  ideal  atmosphere  would  be  that  which  exists  in  an 
air-conditioned  building  at  sea  level  in  which  the  individual  can  select  the  most  com- 
fortable temperature  and  humidity  to  suit  himself.     However,  with  proper  clothing 
and  some  acclimatizdkion,   man  can  adapt  himself  to  rather  extreme  atmospheric 
conditions      Man  can,  and  does,   live  in  the  desert,   the  jungle  and  the  arctic.     He 
can  live  ai  sea  level  or  at  altitudes  of  two  to  three  miles  above  sea  leVel,  yet 
there  are  i  ftiruiabitable  areas  on  earth  as  a  result  of  temperature  and  altitude 
extremes  to  which  man  is  unable  to  adapt.    Somewhere  between  the  extremes  of 

temperature,  humidity  and  atmospheric  pressure  that  exist  in  the  desert,   jungle 
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or  mountains,  and  that  of  the  air-conditioned  sea  level  building,   we  will  find  the 
conditions  in  our  space  cabin.     Our  problem  is  to  determine  the  most  ideal  at- 
mosphere for  the  space  cabin. 

The  ideal  atmosphere  for  man  on  earth  is  not  necessarily  the  best  atmosphere 
for  use  in  space  cabins.     I  would  suggest  we  look  first  at  the  minimum  requirements 
a  space  cabin  atmosphere  nnust  provide  for,   if  nnan  is  to  survive  in  space,    and  then 
see  wliat  can  be  added  to  this  minimum  atmosphere  to  improve  upon  it. 

The  single  most  important  function  of  man's  atmosphere  is  the  provision  of 
oxygen  for  respiration.     For  oxygen  to  be  useful  to  man  it  must  be  of  sufficient 
partial  pressure  when  it  reaches  the  alveoli  of  the  lungs  so  that  it  is  picked  up  by 
hemoglobin  and  circulated  to  body  tissues.     It  is  desirable  that  hemoglobin  be 
100  per  cent  saturated  with  oxygen  as  the  blood  circulates  through  the  capillaries 
of  the  lungs.     The  minimum  partial  pressure  of  oxygen  required  in  the  alveoli  of 
the  lungs  to  provide  for  100  per  cent  saturation  of  hemoglobin  is  approximately 
100  mm  of  mercury.     Two  other  constituents  are  always  present  in  alveolar  gas: 
water  vapor  and  carbon  dioxide.     For  this  reason,    breathing  100  per  cent  oxygen 
at  100  nun  of  mercury,   pressure  will  not  provide  for  100  per  cent  saturation  of  hemo- 
globin with  oxygen.     Nbrmally,  depending  upon  the  atmosphere  breathed,   between  30 
and  40  mm  of  carbon  dioxide  is  always  present  in  the  alveoli  and  47  mm  of  water 
vapor,   the  vapor  pressure  of  water  at  body  tenrxperature.     The  partial  pressure  of 
carbon  dioxide  and  water  vapor  in  the  alveoli  is  normally  about  87  nami  of  mercury. 
Therefore,    to  provide  a  partial  pressure  of  oxygen  of  100  mm  of  mercury  in  the 
alveoli,   the  total  pressure  must  be  187  nun  in  the  alveoli  and,    thus,    100  per  cent 
oxygen  at  187  mm  of  pressure  nnust  be  inhaled  to  provide  for  100  per  cent  satura- 
tion of  hemoglobin.     This  is  roughly  the  environment  to  which  todays  crews  are  ex- 
posed when  wearing  full  pressure  suits,   a  100  per  cent  oxygen  environment  at  3.  5 
psi  or  183  nrim  of  mercury. 

At  this  point  it  might  be  best,   from  the  standpoint  of  clarity,    to  change  units. 
Conventionally,   when  discussing  respired  gases,   the  partial  pressures  of  gases 
are  measured  in  mm  of  mercury.     When  discussing  cabin  pressures,   the  most 
commonly  used  unit  is  pounds  per  square  inch. 

As  just  mentioned,    the  minimum  atmosphere  that  can  be  used  which  will  main- 
tain space  crews'  oxygenation  at  100  per  cent  is  3.  5  psi,   the  pressure  used  in 
todays  pressure  suits.     In  order  to  provide  a  margin  of  safety  in  the  event  of  a 
cabin  leak  or  puncture,    todays  space  craft.  Mercury  and  Gemiini,   were  designed 
to  operate  at  5  psi.     For  the  shorter  space  missions,    the  use  of  100  per  cent 
oxygen  at  5  psi  has  proven  quite  satisfactory. 

There  are  two  good  reasons  for  not  selecting  cabin  pressurizations  of  lest 
than  5  psi.     First,   as  already  mentioned,    the  use  of  lower  pressures  would  be 
quite  hazardous  in  the  event  of  an  undetected  cabin  leak  or  puncture.     If  a  minimum 
pressure  of  3.  5  psi  were  used,   for  example,   and  a  puncture  occurred,   the  space 
crew  might  become  hypoxic  too  rapidly  to  take  corrective  action.    Another  problem 
with  selecting  cabin  pressures  below  5  psi  is  related  to  bends.     Whenever  air  cr«w» 
are  pressurized  below  5  psi,  bends  occur  quite  frequently.     However,  at  pressuri- 
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sation  above  5  psi,  bends  are  extremely  rare.     Pre-brea&ing,  prior  to  launch, 
of  100  per  cent  oxygen  for  several  hours  can  greatly  reduce  the  incident  of  bends 
follcwing  depressurisation  to  below  5  psi,  but  does  not  completely  eliminate  this 
possibility.     I  feel  that  both  of  these  &.ctors  were  important  considerations  in 
the  solution  of  a  cabin  pressure  of  5  psi  for  Mercury  and  Gemini. 

Using  a  single  gas  system,  that  is  100  per  cent  oxygen,   it  is  impractical  to 
>^     us*  a  pressure  of  more  than  5  psi  because  of  the  problem  of  oxygen  toxicity.     For 
prolonged  missions  there  may  even  be  a  problem  with  oxygen  toxicity  with  the  5 
psi  100  per  cent  oxygen  system.     Low  pressure  chamber  runs  with  such  an  atmos- 
phere have  indicated  there  may  be  some  minor  problems  after  exposure  of  two 
weeks  or  more.     Low  pressure  chamber  studies  have  been  conducted  with  the  5 
psi  100  per  cent  oxygen  atmosphere  by  the  Air  Force,    Navy  and  Republic  Aviation.* 
In  all  of  these  studies  there  have  been  some  indications  of  oxygen  toxicity,    as 
manifested  by  eye  irritation,   coughing,    substernal  pain  and  aural  atelectasis.     In    ' 
the  Republic  Aviation  studies,   there  were  some  hematological  and  urinary  changes, 
which  are  requiring  further  investigation.     In  the  Navy  studies,    some  change  in       x 
peripheral  vision  has  been  noted  during  night  adaptation  after  subjects  were  re- 
turned to  sea  level.     However,   it  has  not  been  felt  that  any  of  these  problems  are  of 
,.,      sufficient  magnitude  as  to  prevent  the  use  of  the  5  psi  100  per  cent  Oxygen  atmos- 
^'4      phere  for  missions  of  up  to  two  weeks  in  length.     For  longer  missions,    further  study 
is  required  to  determine  the  suitability  of  this  atmosphere. 

^^j,:.- .;^:^,i;l. Another  serious  problem  with  the  use  of  the  5  psi  100  per  cent  oxygen  atmosphere 
is  the  increased  fire  hazard.     Although  there  have  been  no  fires  aboard  the  Mercury 
space  craft,    two  fires  have  occurred  in  altitude  chambers  using  this  atmosphere,  one 
at  the  Air  Force  School  of  Aerospace  Medicine  and  one  at  the  Navy  Aircrew  Equip- 
ment Laboratory.     A  study  at  the  Naval  School  of  Aviation  Medicine  has  shown  that 
in  this  atmosphere,  paper  ignites  at  a  lower  temperature  and  burns  approxinnately 
six  times  ^ster  than  in  our  normal  sea  level  atmosphere.       It  was  also  found  that 
neoprene  coated  nylon  twill,   lightweight  nylon  and  vinyl  plastic  all  ignited  in  this 
atmosphere,   whereas,   with  the  normal  sea  level  atmosphere,    these  materials  melt 
but  do  not  ignite. 

For  prolonged  space  missions,    it  appears  that,   from  the  point  of  view  of  the 
space  crew's  well-being,   our  sea  level  atmosphere  would  be  best.     Such  an  atmos- 
phere gets  around  the  oxygen  toxicity  problems  and  drastically  reduces  the  fire 
hasard.    At  the  same  time,   a  new  hazard  is  introduced,   the  problem  of  bends  in  the 
event  of  loss  of  cabin  pressure.     This  does  not  necessarily  mean  that  a  sea  level 
atmosphere  is  still  not  most  desirable  from  a  physiological  standpoint.    We  can  get 
around  the  bends  problem  by  developing  pressure  suits  that  operate  at  5  psi  or  more. 
Even  so,   the  sea  atmosphere  is  not  the  most  practical.     Healthy  individuals  function 
very  well  in  cities  like  Denver,  Colorado,  where  the  ambient  pressure  is  about  12 
pal.     For  that  matter,  many  of  us  have  camped  in  the  mountains  on  hunting  and  fish- 
ing excursions  at  altitudes  of  10,  000  feet  where  the  ambient  pressure  is  down  to  10 
psi.     At  this  altitude,  breathing  our  normal  earth  atmosphere,   the  alveolar  partial 
preaaure  of  oxygen  drops  to  about  61  mm  of  mercury  but,  because  of  the  affinity  of 
hemoglobin  for  oxygen,   our  arterial  oxygen  situation  remains  at  about  90  per  cent. 
^.      Sttch  an  altitude  is  tolerated  quite  well  by  healthy  individuals,   the  only  measurable 
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effect  being  some  loss  of  dark  adaptation  by  the  retina  of  the  eye  and,   thus,  a 
loss  of  night  vision.     A  slight  enrichment  of  the  atmosphere  with  oxygen  can  easily 
correct  this.     Such  an  atmosphere  would  greatly  reduce  the  likelihood  of  bends  in 
the  event  cabin  pressure  is  lost  and  the  3.  5  psi  pressure  suit  must  be  relied  upon. 
Also,   the  fire  hazard  is  much  lower  than  with  the  5  psi  100  per  cent  oxygen  system. 
I  feel  rather  safe  in  predicting  that  man  could  function  at  100  per  cent  efficiency 
for  an  indefinite  period  of  time  in  space  with  a  30  per  cent  oxygen,   70  per  cent 
nitrogen  atmosphere  at  10  psi.     Probably,   an  atmosphere  of  50  pCr  cent  oxygen, 
50  per  cent  nitrogen  at  7  psi  could  be  tolerated  for  an  indefinite  period  of  time,  but 
more  work  needs  to  be  done  on  such  atmospheres  in  altitude  chambers  before  this 
can  be  said  with  impunity.     I  think  it  highly  doubtful  that  the  present  5  psi,   100  per 
cent  oxygen  system  will  suffice  for  prolonged  space  missions. 

For  a  more  detailed  approach  to  the  selection  of  space  cabin  atmospheres,   I 
would  refer  you  to  the  article  in  the  August  1963  issue  of  Astronautics  and  Aerospace 
Engineering  by  Parker  and  Ekberg.  ^    However,   before  leaving  the  subject  of  a 
livable  atmosphere  and  moving  on  to  the  other  aspects  of  life  support  systems,   some 
mention  of  carbon  dioxide  management,   control  of  toxic  materials  and  the  control  of 
temperature  and  humidity  must  be  made. 

The  present  threshold  limit  value  for  carbon  dioxide,   aS  recommended  by  the 
American  Conference  of  Governmental  Industrial  Hygienists,   is  5000  parts  per 
million.     This  is  based  on  exposure  at  sea  level,   8  hours  per  day,   40  hours  per 
week.     This  corresponds  to  a  partial  pressure  of  carbon  dioxide  in  respired  gases 
of  3.8  mm  of  mercury.     This  is  a  safe  level  at  which  no  symptoms  would  be  expected. 
^^j^^j^iThe  anesthetic  level  for  carbon  dioxide  is  about  75  mm  of  mercury.     At  levels  of  20 
f^       to  25  mm  of  mercury,    corresponding  to  an  early  submarine  level,    symptoms  have 
been  described  of  a  biphasic  excitation-depression  reaction  in  humans.^    The  mini- 
mum level  at  which  symptoms  of  carbon  dioxide  toxicity  might  be  expected  lies       o 
somewhere  between  the  3.  8  mm  partial  pressure,   as  recommended  in  the  threshold 
limit  values,   and  the  20  to  25  mm  level.     I  would  suggest  that,   for  planning^urposes, 
qne  should  strive  for  the  3.  8  nun  level  or  less. 

■j.,,;^  For  other  contaminates  of  the  space  cabin  atmosphere,   I  would  suggest  that  the 

^threshold  limit  values  for  toxic  substances,  as  recommended  by  the  American  Con- 
ference  of  Governmental  Industrial  Hygienists,   be  used  as  a  guide,   keeping  in  mind 
that  these  levels  are  based  on  the  40  hour  work  week  and  not  the  168  hour  week  to 
which  astronauts  will  be  exposed.     As  in  the  nuclear  submarine  program,   every 

.«.^effort  must  be  made  to  keep  all  contaminates  out  of  the  space  cabin  atmosphere. 
jWhen  contaminates  are  unavoidable,  they  nnust  be  identified  and  dealt  with  on  an    r. 
individual  basis,  keeping  in  mind  that  two  or  more  contaminates  might  act  syner--. 
gistically. 

,:.,K  The  remaining  variable,   so  far  as  a  livable  atmosphere  is  concerned,   is  that 

of  temperature  and  humidity.     In  order  for  the  space  crew  to  maintain  heat  balance, 
it  will  be  necessary  for  them  to  exercise  some  degree  of  control  over  the  tempera- 
ture and  humidity  of  their  atmosphere.     Maintaining  heat  balance  is  a  function  of 
heat  gain  vs.  heat  loss  by  the  body.     The  more  important  sources  of  heat  gain  are 
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i  1!inetabolic  activity  and  absorption  of  infrared  radiation  from  the  surroundings. 
Heat  loss  is  primarily  controlled  by  the  evaporation  of  water  and  the  irradiation 
of  infrared  radiation  by  the  body.     The  rate  of  heat  loss  by  the  evaporation  of 
water  is  dependent  upon  the  temperature  and  humidity  of  ttie  air  and  the  rate  of 
circulation  of  air  over  the  skin.    With  this  many  variables  to  consider,    it  is 
impossible  to  choose  any  one  temperature  and  humidity  standard  for  the  space 
cabin  atmosphere.     Heat  loss  or  gain  by  radiation  will  be  dependent  upon  the 
'"clothing  worn  by  the  space  crew  and  the  effective  temperature  of  the  walls  of 
^the  space  cabin.     Heat  gain  from  metabolism  will  depend  upon  the  activity  of  the 
'•pace  crew.     The  amount  of  clothing  worn,  the  heat  load  on  the  space  cabin  and 
the  activity  of  the  crew  will  all  vary  over  rather  wide  ranges  during  prolonged 
',space  flight.     The  life  support  engineers  must  consider  all  of  these  factors,  in 
light  of  the  particular  mission,   in  their  design  of  the  degree  of  control  the  space 
crew  must  have  over  the  temperature  and  humidity  of  the  space  cabin. 

Food  and  Water.  After  provision  of  the  space  crew  with  a  livable  atmosphere, 
^  ^the  next  most  important  biomedical  requirennent  will  be  that  for  food  and  water. 
I  feel  that  the  most  important  factor  to  consider  in  provision  of  a  diet  for  space 
crews  is  that  of  palatability.     The  food  must  be  appetizing  and  palatable,   or  it  will 
not  be  eaten.     This  is  important,    not  only  from  a  nutritional  standpoint  but  also 
it  is  an  important  morale  factor.     This  will  be  especially  true  for  the  longer  space 
missions.     Aside  from  providing  space  crews  with  food  that  is  sufficiently  palatable 
to  be  eaten,    other  prime  factors  to  be  considered  are  providing  adequate  nutrition 
and  avoidance  of  foodstuffs  that  might  cause  gastrointestinal  disturbances  such  as 
diarrhea  or  constipation.     The  food  must  also  be  provided  in  such  a  manner  that  it 
requires  a  minimum  of  storage  space,    will  not  spoil,   is  readily  prepared  for  consump- 
tion and  can  be  consumed  under  weightless  conditions. 

Scufar  as  content  is  concerned,    the  space  diet  must  provide  for  a  total  calorie 
intake  of  between  2500  and  3000  calories.     It  should  be  a  high  protein,   low  bulk, 
low  residue  diet,   containing  all  of  the  essential  amino  acids,   fats,  minerals  and 
vitamins.     Foodstuffs  that  are  diuretic  or  of  high  cellulose  content  must  be  avoided 
in  order  to  keep  the  space  crews'  output,  of  urine  and  feces  at  a  nominal  value.     The 
: '  :'|>robleni  of  urination  or  defecation  while  wearing  a  pressure  suit  is  still  a  major  one 
with  no  easy  solution.     Not  only  is  there  a  problem  in  removing  and  donning  of  pres- 
sure suits,  but  also  one  of  collection  and  disposition  of  these  body  wastes  in  the 
;  cramped  quarters  that  can  be  provided  the  space  crew.  f^v 

'     '    The  requirement  for  water  will  depend  on  a  number  of  factors,   such  as  the  loss 
of  water  from  the  body  by  evaporation,    perspiration,  urination  and  defecation,  and 
the  water  gained  by  the  body  from  that  contained  in  foodstuffs  and  from  the  metabo- 
lism of  food.     It  is  estimated  that  space  crews  will  require  froni  five  to  ten  pounds 
#of  water  per  day  for  drinking  and  re  constitution  of  foodstuffs.     The  lower  value  is 
for  the  shirt-sleeve  environment  where  heat  balance  is  controlled  primarily  by  con- 
trol of  the  environmental  temperature.     The  higher  value,  ten  pounds  per  man  per 
day,   is  an  estimate  of  the  water  requirement  when  wearing  pressure  suits  where  v 
heat  balance  is  maintained  by  evaporation  of  perspiration.^  ^ 
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Radiation  Protection.    I  have  listed  radiation  protection  as  next  in  priority 
after  provision  for  a  livable  atmosphere  and  for  food  and  water.     This  is  not  a 
very  critical  consideration  for  earth  orbital  missions,  but  is  a  factor  of  con- 
siderable importance  for  moon  probes  and  especially  deep  space  probes.     It  is 
outside  the  scope  of  this  presentation  to  discuss  the  amounts  and  types  of  ionizing 
radiation  that  might  be  encountered  on  a  space  mission,    or  how  niuch  of  what  kind 
of  shielding  will  be  required.     Rather,    it  is  my  purpose  to  outline  the  limits  to 
which  crews  might  be  exposed  and  the  risks  entailed  by  such  exposure. 

At  present,   the  limits  for  exposure  to  whole  body  ionizing  radiation  for 
workers  in  industry  where  radiation  exposure  is  a  hazard  is  set  at  5  rem  per  year. 
Such  an  exposure  entails  no  measurable  risk.    Approximately  the  lowest  level  of 
exposure  to  ionizing  radiation  at  which  some  measurable  effect  can  be  detected  in 
man  is  about  50  rem.     Clinically,  about  all  that  can  be  detected  following  an  ex- 
posure to  50  rem  are  some  slight  changes  in  the  morphology  of  the  cellular  elements 
of  the  blood.     Even  this  is  only  a  transitory  effect.     However,    statistically,   it  is 
estimated  that  this,  level  of  exposure  to  the  entire  population  woxild  approximately 
double  the  incidence  of  genetic  mutations  and  of  leukemia.     For  the  crew  of  a  space 
craft,    this  is  a  rather  small  risk  in  comparison  to  other  risks  entailed, on  deep 
space  probes.     I  would  think  that  designing  shielding  to  prevent  an  acute  exposure 
in  excess  of  50  rem  in  the  event  of  an  unpredicted  solar  flare  would  not  be  un- 
reasonable.    This  is  less  than  half  the  dose  of  whole  body  ionizing  radiation  that 
might  produce  symptoms  of  radiation  sickness.     It  would  require  an  acute  exposure 
to  something  on  the  order  of  150  to  200  rem  to  produce  any  symptoms  of  radiation 
sickness  among  the  members  of  a  space  crew. 

Another  type  of  electromagnetic  irradiation  from  which  crews  must  be  pro- 
tected are  the  direct  rays  of  the  sun.     Provision  must  be  made  to  prevent  crews 
from  inadvertently  looking  into  the  sun.     Also,  adequate  protection  must  be  pro- 
vided from  the  intense  infrared  radiation  to  which  crews  will  be  exposed  during 
extravehicular  activities  in  space. 

Provision  for  Personal  Hygiene.    I  have  listed  next,   in  order  of  importance 
so  far  as  biomedical  requirements  are  concerned,    the  provision  for  personal  hy- 
giene.    For  prolonged  space  nciissions,    provision  for  personal  hygiene  is  important 
as  both  a  biomedical  and  morale  factor.     This  entails  provision  for  elimination  of 
urine  and  feces,   cleansing  of  the  skin,    shaving  and  cleansing  of  the  teeth.     For 
missions  of  a  few  weeks,   I  suppose  the  crew  can  get  by  without  haircuts,  but  fotj^'i^ 
extremely  long  missions  some  provision  may  even  be  necessary  for  haircutting. 

For  short  missions,   up  to  two  days,   the  crew  can  manage  without  removal  of 
the  pressure  suit.     However,    for  anything  longer  than  this,   provision  must  be  made 
for  at  least  partial  rennoval  or  opening  of  the  pressure  suit  for  purposes  of  urina- 
tion, defecation  and  cleansing  of  the  skin.     For  the  long  range  missions,   more  than 
two  weeks,  provision  must  be  made  for  complete  removal  of  the  pressure  suit 
and  for  a  shirt- sleeved  environment.     We  must  also  provide  for  changing  into  clean 
clothing.     If  we  are  to  prevent  skin  disease,   it  is  just  as  important  to  have  clean 
clothing  as  it  is  to  bathe. 

In  providing  for  personal  hygiene,    the  importance  of  preventing  contamination 
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of  the  cabin  atmosphere  should  be  emphasized,   especially  in  reference  to  such 
details  as  whiskers  from  shaving  and/or  materials  used  in  cleaning  the  skin  that 
might  be  toxic  in  recirculated  air.  - 

Provision  for  Control  of  Fatigue.    For  shorter  space  missions,   control  of 
fatigue  has  not  been  a  serious  problem.    Astronaut  Gordon  Cooper  reported  having 
no  difficulty  in  sleeping  during  the  MA- 9  flight.  °    At  this  point  in  time,   I  don't 
feel  that  we  can  say  much  about  sleep  during  space  flight,   other  than  that  it  is 
possible  to  sleep  while  strapped  in  one's  seat  wearing  a  pressure  suit  during  the 
weightless  state.     Whether  adequate  sleep  can  be  obtained  in  this  manner  to  prevent 
fatigue  as  a  result  of  inadequate  rest  over  a  period  of  days  is  still  a  matter  of  con- 
jecture.    The  programmed  two  week  Gemini  missions  should  prove  very  enlightening 
regarding  the  requirements  for  sleep  over  prolonged  periods  of  space  flight. 

Fatigue  is  a  difficult  thing  to  measure.     Sleep,    recreation  and  work  are  all 
factors  influencing  fatigue.     For  certain  critical  phases  of  space  flight  it  is  im- 
portant that  crews  are  alert  and  at  their  peak,    so  far  as  performance  goes.     To 
insure  that  this  is  so,   it  will  be  necessary  to  work  out  cycles  for  work,    rest, 
recreation  and  sleep.     However,    since  it  is  impossible  to  simulate  the  conditions 
of  space  flight,    especially" the  weightless  state  and  the  anxiety  which  influences  all 
of  these  to  an  unknown  degree,    we  must  wait  for  the  longer  Gennini  flights  before 
defining  the  requirement  for  rest,    recreation  and  sleep  during  longer  missions. 

Protection  from  the  Effects  of  Weightlessness.    I  have  listed  as  the  last  of  the 
biomedical  requirements  for  space  cabin  environments,    protection  from  the  effects 
of  weightlessness.     Before  the  first  orbital  flight,   there  was  considerable  specu- 
lation regarding  the  possible  adverse  effects  that  might  result  from  prolonged 
weightlessness.     However,    at  least  for  these  shorter  flights,    exposure  to  the 
weightless  state  has  had  no  ill  effects.     For  longer  flights,    one  might  still  specu- 
late that  there  may  be  undesirable  effects.     There  may  be-'some  problem  as  a 
result  of  disuse  of  certain  muscles,   the  lack  of  weight  bearing  on  the  skeletal 
system,   or  the  lack  of  stimulation  of  the  proprioceptive  reflexes  for  control  of 
balance.     However,   if  such  effects  should  result  from  longer  exposure  to  the  weight- 
less state,  I  feel  certain  that  exercises  can  be  utilized  to  prevent  most,  if  not  all, 
of  these  ill  effects. 

Conclusion 


In  conclusion,   I  have  attempted  to  outline  the  biomedical  requirements  for  the 
space  cabin  environment.     I  have  discussed  the  more  important  factors  bearing  on 
the  selection  of  the  cabin  atmosphere,   food  and  water  requirements,   protection 
from  radiation,  provision  for  personal  hygiene,    control  of  fatigue  and  the  effects 
of  weightlessness.     The  satisfactory  solution  to  the  many  problems  entailed  in 
providing  for  these  biomedical  requirements  for  prolonged  space  flight  is  a  con- 
siderable task,  but  one  that  the  designers  of  life  support  systems  are  accomplish- 
ing in  att  admirable  manner. 
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ELECTRONIC  SJLEEP  CONTROL  IN  ASTRONAUTICS 
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1)  photic 
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IV.  Electronic  techniques 
i                  a)  applications  published 

b)  writer's  experiments 

1)  equipment 

2)  combined  photic  and  audio  effects 
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V.  Conclusion  and  future  developments 

SUMMARY 

Astronautic  mission  profiles  require  for  the  crew,  various  sleep-wakefiil- 
ness  cycles  which  are  quite  different  from  the  normal  diurnal  rhythm.    It  has 
been  found  that  there  are  means  by  which  certain  levels  of  sleep  can  be  induced 
electronically  without  undesirable  side  effects.     The  paper  describes  the  efforts 
made  so  far  in  the  international  scientific  community  and  also  the  results  of  his 
own  sKperiments. 
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The  technique  of  the  so-called  "electronarcosis"  which  has  been  used  for 
a  number  of  years  is  also  described  in  the  paper,  whereby  the  differences  of 
the  effects  of  higher  and  lower  frequencies  are  described. 

th6  paper  also  discusses  the  possible  hazards  of  the  application  of  electric 
currents  to  the  brain. 

1.    INTRODUCTION  * 

It  is  of  major  concern  for  the  systems  analyst  of  space  vehicles  to  estab- 
lish the  criteria  of  operational  integrity  of  the  man-machine  system. 

One  of  the  great  problems  in  putting  the  human  element  into  the  mechan- 
ism is  its  endogenous  cyclic  behavior.     Among  many  inherited  and  acquired 
periodicities  the  rest- wakefulness  cyclts  requires  prime  attention. 

It  became  obvious  from  task  analyses  that  the  terrestrial  indoctrination  of 
eight  hours  of  sleep  and  sixteen  hours  of  wakefulness  will  not  be  possible  to 
maintain  during  certain  types  of  space  missions.     Yet,  this  habit  is  extremely 
firmly  indoctrinated.     The  acquisition  of  this  behavioral  pattern  dates  back 
almost  to  the.  imprint  stage  because  it  was  manifest  in  the  mother.     The  infant 
has  early  acknowledged  that  any  interference  with  this  pattern  met  with  the 
covert  or  overt  hostility  in  its  enviroimient.     This  early  adjustment  was  reen- 
forced  later  by  the  cosmic  diurnal  cycle  and  thus  developed  into  the  social 
attitude  of  day-work  and  night-rest  of  most  of  mankind. 

It  has  been  shown  in  many  studies  of  hximan  efficiency  that,  depending  on 
the  activity,  fatigue  or  boredom  will  bring  about  a  measurable  performance 
decrennent  in  the  relatively  short  periods  of  a  few  hoars.     The  mid-rinorning 
and  mid-afternoon  drop  in  efficiency  brought  about  the  "coffee  break"  system. 
Due  to  the  diurnal  cycle  and  the  consequent  social  behavioral  pattern,  most 
people  would  go  to  sleep  during  this  period  of  efficiency  drop.     Some  lucky 
ones^'^who  can  afford  it,  will  take  a  short  nap  anyhow  in  the  aiternoon. 

Not  only  the  wakeful  state  has  these  fluctuations  but,   as  ve^rious  studies 
have  demonstrated,  also  sleep  shows  periodic  phenomena.     It  should  be  naen- 
tioned  here  that  this  problem  is  even  more  complex  due  to  the  many  other  para- 
meters which  influence  sleep  and  wakefulness. 

In  astronautics  where  the  two  major  factors,  namely,   the  diurnal  cycle  and 
the  social  work  pattern  are  not  present,   it  will  be  much  more  advantageous  to 
fall  into  a  cycle  different  from  the  eight  hours  to  sixteen  hours  rhythm. 

It  has  been  suggested  that  for  prolonged  trans-lunar  missions  a  four  hours 
wakefulness,  four  hours  sleep  cycle  should  be  adopted.     Such  a  cycle  seems 
proper  for  the  work  profile  proposed  for  certain  space  missions,   the  detailsof 
which  are  beyond  the  scope  of  this  paper.     The  diversity  of  the  duty  cycle  at 
various  types  of  missions  will,  however,   require  an  even  more  flexible  pattern 
where  the  astronauts  may  need  varying  sleep-wakefulness  periods  to  fit  the 
pattern  of  the  milssidn.     This  proposition,  however,  will  nneet  with  difficulties 
due  to  the  strong  habituation  of  the  eight- sixteen  hours  rhythm. 

Tliere  is  a  considerable  amount  of  literature  available  on  the  physiology  and 
biophysics  of  sleep,  but  relatively  little  is  known  on  the  psychophysical  factors 
of  artificially  induced  sleep.  Yet  the  problem  of  sleep  is  quite  important  in  the 
human  factors  of  astronautics  because  of  the  need  for  maintenance  of  high 
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•laciancy  of  the  man-machine  lyatem. 

Sleep  is  the  beet  long-range  remedy  for  all  variants  of  fatigue  whichmuat 
be  reduced  to  a  minimum  to  avoid  performance  decrement,  for  which  certain 
•pace  taake  are  quite  intolerant. 

Betides  this  recovery  from  fatigue*   aleep  may  be  used  for  sleep  learning 
or  reinforcement  of  learned  information.     This  latter  aspect  will  become 
significant  in  aiding  recall  of  little  used  data  which,  however,  may  be  needed 
suddenly  without  permitting  the  necessary  time  for  .consulting  books  or  tapes. 

n.     BIOLOGY  OF  SLEEP 


Although  sleep  is  a  most  basic  bodily  function,   amazingly  little  is  known 
of  its  fundamental  mechanism.     This,   in  spite  of  the  virtually  thousands  of 
scientific  papers  dealing  with  the  subject. 

Therefore,  a  brief  review  is  given  here  presenting  some  of  the  more 
important  information  ,/         j 

a)   Consciousness  vs.   sleep 

Even  the  terminology  of  consciousness  and  sleep  is  quite  confus- 
ing.    There  is  no  space  here,   of  course,  to  discuss  the  semantic  subtleties 
of  the  difference  between  consciousness  and  wakefulness,  etc.     In  roughap- 
prozimation  it  can  be  stated,  however,  that  during  consciousness  the  organ- 
ism is  meaningfully  perceiving  environmental  stimuli  and  is  capable  of 
decision  making  and  able  to  activate  psychomotor  functions. 

In  general  there  are  three  essential  aspects  of  sleep: 
i;)  th«  quality  or  depth  of  sleep 

2)  0x9  quantity  or  duration  of  sleep 

3)  the  rhythm  or  periodicity  of  sleep 

Maybe  the  greatest  difficulty  in  sleep  research  is  the  mieasurement  of  the 
depth  of  sleep.     A  quantitative  evaluation  of  this  factor  is  most  pertinent  be- 
cause of  the  wide  spectrum  between  drowsiness  and  coma.     The  physiological 
and  psychological  aspects  of  sleep  depend  greatly  on  the  state  of  sleep. 

There  are  a  number  of  measurements  proposed  for  the  determination  of 
depth  of  sleep. 

One  system  uses  the  numbers  1  to  4  to  indicate  states  of  sleep,  another  uses 
the  letters  A  to  G  with  intermediates  denoted  by  a  +  or  -  sign.     Again  others 
refer  to  slow,  rapid  or  no  eye  movenients  which  are  associated  with  states  of 
sleep.     Fair  quantitative  information  can  be  provided  with  good  reproducibility, 
using  electroencephalograms,  which  will  be  discussed  later. 

Furthermore,  a  number  of  stimulus  gradients  were  applied  for  depth-of- 
■leep  curves.    Auditory,  visual,  tactile  and  pain  sensations  were  used  with 
UtUe  reliabiUty. 

Stupor  and  hibernation,  although  these  stages  can  be  considered  as  extremes 
of  sleep,  will  not  be  discussed  in  this  paper. 

The  duration  of  sleep  is  strongly  dependent  on  the  age  of  the  person.    In 
adults  an  average  of  7.  5  hours  sleep  per  24  hours  seems  to  be  a  basic  human 
trait  because  it  holds  for  all  races  of  Homo  sapiens,  at  least  for  those  who  live 
in  the  temperate  sone. 

The  sleep-wakefulness  periodicity,  U  anchored  very  firmly  in  the  human      - 
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physiology.     Body  temperature  changes  and  other  physiological  collaterales  of 
sleep  do  not  change  readily  even  after  prolopged  training^     In  a  test,  after 
many  weeks  of  training,  subjects  of  12  hours  sleep  cycle  reported  no  overt 
discomfort  but  their  body  temperature  rhythzn  rismained  corresponding  to  the 
former  8-16  l^ours  cycle.    Visceral  activities  also  seem  to  resist  modification 
of  sleep  cycles. 

Meteorological  factors,  which  have  such  a  profound  influence  on  sleep,  are 
meaningless  for  astronautics  due  to  the  controlled  environment  of  the  closed 
ecological  system  of  the  crew  compartment.     Cosmic  cycles  may  still  have 
bearing  on  sleep  ih  the  space  crew  compartment  but  research  data  on  this  are  ' 
incomplete. 

b)  Anatomy  of  Sleep 

Among  many  .investigators  who  have  contributed  to  the  anatomy  of 
sleep,  M.   Jouvet  is  outstanding.     According  to  Jouvet  two  different  neurophys- 
iological  systems  are  controlling  sleep.     These*  are: 

1 )  the  telencephallc  activity,  which  hae  inhibitory  effect  on  the.  ascending 
reticular  system  and  originates  in  the  cortex  of  the  cerebral  hemis- 
pheres, 

2)  the  rhombencephallc  phase,  which  has  all  inhibitory  connection  to  the 
limbic  system  in  the  midbrain  and  the  reticular  cells  in  the  pons.     Thee« 
reticular  cells  are  responsible  for  the  maintenance  of  alert  wakeful- . 
ness  if  stimulated  from  peripheral  sense  organs. 

Of  course,  since  Aristotle,  many  thinkers  -and  physicians  and  other  related 
professionals  have  developed  various  theories  of  sleep,   none  of  which  weri 
satisfactory,   so  far. 

Some  of  these  theories  are  relating  sleep  to  the  circulation  in  the  btain; 
others  to  jtemporary  synaptic  disconnects  due  to  amoeboid  motion  of  neuroglia 
cells.    Again,  others  are  advocatii^  that  there  is  an  undetected  sleep  center  in 
the  brain  iR^ich  is  responsible  for  the  loss  of  consciousness.     Ihe  tiieories  of  the 
accumulation  of  a  specific  metabolite  called  "sleep  poison"  or  hypnotoocin  as  well 
as  the  instinct  theoiry  of  sleep  were  explored  with  insufficient  results. 

The  fact  of  the  matter  is  that  the  mechanism  of  sleep  is  not  yet  well  under- 
stood. 

c)  Physiology  of  Sleep.    Sleep  feeding  relations. 

As  indicated  before,   sleep  has  a  pi*ofound  influence  on  many  physi- 
ological parameters.     They  are  so  numerous  that  only  a  very  few  can.be 
mentioned  here. 

The  pH  and  the  'blcfod  sugar  content  of  the  blood  do  not  change  significantly 
during  sleep.     There  is  a  slight  change  in  the  calcium  equilibrium  in  the  body 
fluids  during  sleep,  but  no  other  noteworthy  alteration  has  been  observed  during 
sleep.     The  pulse- rate,  as  expected,  decreases  in  the  sleeping  persons  and  as 
an  extteme  a  rate  of  45  has  been  observed.     The  blood  pressure  in  the  body  also 
decrisases  with.drops  of  20  to  30  mm  Hg,  depending  on  pressure  in  wakefolnesa. 
These  figures  may  account  for  the  Anemifi  in  the  brain  during  sleep. 

What  is  interesting  is  that  epinephrin,  which  causes  a  strong  increase  in' 
blood  pressure  in  the  wakeful  person,  fails  to  do  so  during  sleep. 

The  symptom  of  snoring  is  not  considered  a  pathological  condition  and  does 
not  Influekice  sleep  except  for  those  persons  ^iHio  have  to  share  Oie  emrirewi  of 

the  snorer.     Respiration  is  altered  by  sleep  bpt  the  reports  on  tkm  detail*  are 
cmite  conflicting. 
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Dlf  ••tlon  ia  its  biochemical  phas*  la  not  much  influenced  by  sleep.     Some 
glandular  change  has  been  reported,   auch  aa  the  accumulation  of  bromine  in 
the  anterior  lobe  of  the  pituitary  gland.     The  change  in  body  temperature  is  not 
conaidered  to  be  related  directly  to  aleep  but  to  the  lack  of  muacular  activity, 
d)    Paychology  of  Sleq».    Dreaming. 

Conaiderable  information  ia  now  available  concerning  dreaming^ 
The  reaults  are  quite  far  reaching  and  ahow  that  dreaming  ia  a  neceaaary 
physiological-paychological  activity. 

During  the  dreaming  phaae  Ute  blood  preaaure  ia  generally  higher  and  the 
variability  greater  flian  during  other  phaaea  of  aleep.     It  ia  conaidered,  how- 
ever, that  the  blood  preaaure  naight  not  be  aa  apecific  a  concommitant  of  aleep 
aa  other  factora,  rather  that  it  might  be  due  to  emotional  changea  during 
dreaming. 

In  a  apacecraft,  where  extenaive  phyaical  exercise  ia  unlikely,  the  main- 
tenance of  aleep  atate  which  ia  accompanied  by  rapid  eye-movements  and 
iHiich  contains  the  subjective  experience  of  dreaming,  is  an  important  factor 
of  life  support.     It  should  be  mentioned,  however,  that  the  correlation  of 
ocular  motility  in  sleep  ;with  dreaming  is  not  precisely  established  and  further   . 
research  ia  indicated. 
v»i  The  functional  integrity  of  the  aatronauta  ia  related  alao  to  aleep  control 

from  a  paychiatric  point  of  view.     It  aeems  that  dreams  and  hallucinations  are 
brought  about  by  a  aimilar  mechanism;    thus,  psychosis  and  dreams  are  relat- 
ed mental  processess.     From  this  point  of  view  it  is  essential  to  monitor  care- 
fully the  aleep  pattern  of  the  aatronauta  becauae  aleep  disturbances  are  charac- 
teristic for  the  onset  of  functional  psychosis.   It  should  be  pointed  out,  however, 
that  the  E£G  and  the  eye-movement  pattern  are  similar  in  the  normal  and  the 
schiaophrenic  persona;    thua,   auch  telemetered  information  would  not  give 
significant  indication  of  achizophrenia  occuring  in  the  aatronaut. 

It  was  found  that  dreaming  is  associated  with  rapid  eye-movements  and  the 
corresponding  EEC  is  of  low  voltage,   rapid  and  without  aleep  spindles. 

Between  the  dream  periods  are  distinct  intervals  of  cyclic  pattern.     At 
jj--    diese  times  there  are  no  eye  movements  and  the  EEG  is  entirely  different  by 
showing  the  so-called  aleep  spindles  and  about  1  cps  delta  waves.     However, 
cyclic  changea  correaponding  to  dream  experiences  are  not  restricted  to 
symptoms  occurring  in  the  EEG,  but  significant  changes  are  itianifest  in  muscle 
tone,  frequency  and  depth  of  respiration,   skin  resistance,  blood  pressure,  etc. 
These  symptoms  are  easily  naeasured  and  lend  themselves  well  for  telemetry. 
The  rapid  eye  movements  are  not  continuous  during  dreaming  but  the  4-5 
^  .    dream  experiences  per;night  are  normally  uninterrupted  for  longer  or  shorter 
p:     timee  depending  on  the  person's  age.     For  die  age  limit  of  20  to  30  years  Qie 
total  time  o£  dreaming  during  7-8  hours  of  sleep,  is  one  hour  and  30  nainutes, 
i^-    wiOi  amaaingly  little  individual  variation,  and  occurs  about  every  90  minutes. 
T^-  For  the  mental  hygiene  of  the  astronauts  it  seems  important  that  theyshcmld 

have  good  wholmmcukm  dreama  every  5-6  hoars  to  avoid  "day  dreama"  or  better    5 
called  "halhaiHnaHowe. "    According  to  theoreticiana  in  thia  field,  dreama  are 
■;;      iamtimetoMl  drive  discharge  proceaaea  in  the  id,  the  aignificance  of  which  haa 
-<f.     baep  dameaMtrmtod  by  dream  deprivatien  e^perimenta.     They  lead  to  hallucina-  . 
Obvl— aly,  tte  dreaoi-aleep  cyclea  are  governed  by  quite  deep-aeated 
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physiological.   Innate  mechanisms.     Freud  called  dreams  "safety  valves.  "    If 
these  valves  are  closed  the  pressure  for  discharge  mounts  until  the  "dreams" 
occur  during  wjikeful  periods.     The  process  of  dreaming  is  called  by  Jouvet 
"rombencephalic  phase,  "  which  seems  to  be  a  somewhat  cumbersome  nomen- 
clature, but  has  anatomic  significance. 

It  is  believed  that  dreaming  is  also  connected  with  neuro-humoral  secre- 
tion.    Thus,   there  might  be  developed  in  the  future  a  biochemistry  of  dream- 
ing but  it  is  likely  that  the  understanding  of  dreams  will  need  purely  psycho- 
logical interpretation. 

There  are  certain  similarities  between  dreaming  and  the  effects  of 
sensory  deprivation.     This  seems  to  indicate  that  iHreaming  is  in  fact  inde- 
pendent from  sleep  but  is  related  to  the  relative  absence  of  environmental 
stimuli  which  are  essential  for  wakefulness  and  the  various  aspects  of  adap- 
tive behavior. 

Although  we  cannot  enter  here  into  the  detailed  psychodynamics  of  sleep, 
it  seems  that  for  the  proper  functioning  of  astronauts  on  long  missions  we 
will  have  to  control  not  only  the  sleep  cycle,  but  will  have  to  manipulate  also 
th^  quality  and  the  duration  of  dreams. 

e)  Sleep  Deprivation 

Chronic  disturbances  in  indoctrinated  sleep  cycles  may  lead  to 
anomalies  of  waking  experience  and  behavior.     It  can  easily  lead  to  psychosis. 
:*'     If  muscular  activities  are  excluded  it  is  impossible  to  deprive  a  normal 
person  of  sleep  for  longer  than  two  days. 

Prolonged  sleeplessness  causes  irritability,  irrationality  and  hallucina- 
tions.    It  causes  also  marked  and  increasing  performance  decrement. 

There  is  a  stage  or  state  of  mind  where  the  concept  of  wakefulness  be- 
comes transitory  to  sleep. 

f)  Psychophysics  of  Sleep.     EEC. 

If  one  is  looking  at  a  flickering  light,   rhythmic  signals  appear  on 
the  EEC  which  change  with  the  flicker  frequency.     This  indicates  that  those 
signals  were  generated  in  the  visual  projection  area  of  the  brain. 

It  is  significant  that  the  flicker  is  generally  accompanied  by  sensation  of 
motion  and  patterns. 

The  action  potential  which  is  concArmMt^nt  with  every  biophysical  or 
dynamic  activity  of  every  cell  is  manif edit  m^o  in  brain  function. 

The  best  understood  pattexn  of  electroencephalograms  is  that  of  sleep.     It 
enables  us  to  clearly  distinguish  between  the  various  stages  or  levels  of  sleep  ^'' 
and  arousal.  .   ."■  "  '.     '    ''■''•■'■:■"'' 

The  various  typical  patterns  of  the  EEC  are  designated  mostly  by  the 
Greek  letters  alpha,  bets,   gamima,  "^^^ca  and  epsilon.     The  alpha  pattern, 
which  appear  also  by  slight  drowsiness,   is  9-12  cps  with  about  60  microvolt 
amplitude.     Beta  rhythm  is  of  low  voltage,  where  the  alpha  pattern  is  replaced 
by  snnall  undulations  and  indicates  definite  sleep.     Gamma  rhythm  is  charactihr-. 
ized  by  the  so-called  sleep  spindles  and  wave  trains  of  14-15  cps  with  20-40 
microvolt  amplitudes.     These  are  superimposed  on  irregular  slower  waves. 
Delta  is  the  designation  of  high  amplitude  (300  microvolt)  very  slow  1  cps  waves 
with  irregular  sleep  spindles.     The  ]^8ilon  stage  shows  random  pattern  with 
even  slower  Delta  waves  of  5-20  sec  Intervals.     This  stage  is  characterized 
also  by  the  complete  absence  of  sleep  spindles. 


The  total  picture  Is,  however,  not  as  simple  as  indicated  here  and  large 
amounts  of  literature  are  available  for  the  interpretation  of  further  and 
complex  details. 

m.^  SLEEP  Control. 

The  human  mechanism  has  an  apparent  shortcoming  as  compared  with  a 
bionic  device,  ^namely  that  it  cannot  be  switched  "on"  or  "off"  as  needed.  Of 
course,  there  are  bodily  activities  such  as  recovery  from  fatigue,    etc.  which 
require  the  proper  functioning  of  the  body  during  a  non-conscious  period.  This 
occurs,  however,  at  a  lower  metabolic  rate,  although  it  can  be  said  that  during 
dreaming  sleep  we  are  more  intensely  alive  than  in  the  conscious  or  waking 
existence. 

But  there  are  a  number  of  ways  which  permiit  a  certain  limited  control  of 
sleep.     They  are  briefly  mentioned  below. 

a)  Training  and  Indoctrination 

It  is  possible  that  by  prolonged  training  most  individuals  will 
acquire  a  four-four  hours  rhythm.     It  must  be  expected,  however,   that  such 
terrestrial  training  may  initiate  neuroses,  because  the  forced  rhythmic  behav- 
ior may  not  coincide  with  the  long  established  physiological  "dock** mechanism. 
This  condition  will  be  further  aggravated  by  the  weak  environmental  signals 
Mrhich  will  reach  the  person  even  in  his  confinement  and  which  tend  to  reenforce 
the  deeply  embedded  original  pattern.     The  astronaut  will  be  especially  suscept- 
ible to  these  weak  signals  as  a. consequence  of  the  stress  of  sensory  deprivation 
caused  by  the  confinement  in  the  space  compartment.     Of  course,    the  simulation 
of  certain  nocturnal  noise,   to  which  the  urban  population  is  acclimated,  may  be 
used  to  override  the  weeik  diurnal  noises.     However,   this  method  may  not  be 
sufficient  to  provide  sleep. 

b)  Drugs 

The  use  of  hypnotics  must  be  discarded  because  our  present  inven- 
tory does  not  contain  a  comipound  or  mixture  which  would  initiate  sleep  rapidly 
nor  does  the  compotind  have  a  well  defined  four  hours  of  duration  and  permit  a 
quick  arousal  without  any  after-effects. 

There  are  two  distinct  types  of  drugs,   the  hypnotica  which  facilitate  sleep 
and  narcotica,  which  cause  in  many  people  irresistible  and  deep  stupor.  How- 
ever,  hypnotica,  if  administered  in  larger  quantities  will  cause  a  state  called 
narcosis,   or,   if  the  product  is  applied  through  respiration,   anesthesia. 

c)  Hypnosis.     Post -hypnotic  Suggestion. 

This  method  cannot  be  reconunended  because  of  the  limited  dura- 
tion of  its  effect.     It  is  thinkable  that  a  combined  post-hypnotic  and  auto- 
suggestion technique  which  would  utilize  an  artificial  clue,   such  as  a  tape 
recording,  may  work  for  a  longer  time  but  this  method  has  not  been  demon- 
strated to  be  reliable  enough. 

Beyond  the  aforementioned  practical  space  applications,  it  is  significant 
that  the  below  mentioned  technique  of  electronically  induced  sleep  could 
contribute  to  our  understanding  of  the  various  hypnotic  states.     From  a  few 
experiments  it  seems  also  that  this  technique  will  have  therapeutic  values 
inasmuch  as  those  neurotic  patients  who  resist  hypnotherapy  could  be  brought 
into  a  state  of  consciousness  where  their  excitation  and  hostiUty  is.  reduced 
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enough  to  make  them  responsive  to  hypnotism, 
d)    Visual  and  Audio  Stimuli 

It  is  a  well  known  fact  that  certain  rhythmic  photic  stimuli  or 
monotonous  audio  signals  have  the  tendency  of  hypnotic  sleep  induction. 

The  effects  of  flickering  light  has  been  under  study  for  about  200  years 
and  it  has  brought  us  quite  close  to  being  able  to  disrupt  consciousness  and 
thus  manipulate  the  onset  of  sleep.     Previous  reports  have  indicated  that  the 
limit  of  the  results  was  a  slight  hypnotic  effect  with  drowsiness  and  occasion- 
ally with  unpleasant  side  effects.     The  impairment  of  cognition  by  flickering 
light  has  also  been  described. 
W  e)    Electrical  Current 

Japanese  and  Russian  reports,   together  with  the  research  of  the 
present  writer,  which  he  has  performed  in  the  past  years,    suggest  that  the 
solution  to  the  problem  of  sleep  control  of  the  astronauts  may  lie  in  the  area 
of  cyclic  electronic  stimulation  of  a  so  far  unknown  resonance  area  in  the 
brain,  which  reduces  cognition  and  willful  activities. 

It  is  known  from  research  here  and  abroad  that  electrical  stimuli  of  a 
•     certain  frequency,   if  applied  to  the  brain,  will  cause  drowsiness  or  sleep. 
, :/  The  electrical  influence  of  consciousness  can  be  subdivided  into  three 

«5   distinctly  different  types: 
1  )    electroshock 
Z)    electronarcosis 
3)    electrosleep 

Electroshock  was  used  extensively  in  certain  mental  diseases  such  as 
schizophrenia  and  sometimes  to  supplement  prefrontal  lobotomy.     Lately,   it  is 
applied  less  frequently.     The  effect  of  the  relatively  high  current  density  causin- 
artificially  a  seizure,  with  temporary  blocking  of  respiration.- 

This  type  is  applied  primarily  only  to  psychotic  patients  and  does  not  ccacc:' 
us  here. 

Electronarcosis,   also  called  electroanesthesia,   is  a  modified,   subseizure 
electronically  induced  loss  of  consciousness,  vrithout  drastic  effect  on  respi- 
ration.    However,   convulsions  are  frequent  and  the  application  of  muscle 
.    relaxants  is  indicated.     Sometimes  the  extreme  rise  of  blood  pressure  puts 
'^'    this  technique  into  expert  hands.     In  spite  of  this,   electronarcosis  has  defi-       . 
nitely  a  place  an  astronautics. 

Although  the  character  traits  of  astronauts  are  as  carefully  determined  as 
possible,  under  many  months  or  years  of  lasting  space-stress  some  psychosis 
'     may  occur.     Since  the  reaction  to  deprivation,   of  which  there  will  be  many  in    » 
space,   is  the  defense  of  a  break  with  reality,  psychotic  persons  will  be  greatly 
prone  to  hallucinations  and  delusions. 

Many  reports  indicate  that  electronarcosis  can  be  successfully  applied  to 
.^     alleviate  such  conditions. 

Since  electronarcosis  has  a  hypnotic  effect  to  the  reflexless  stage  it  can 
easier  be  applied  in  case  of  medical  emergency  than  inhalation  anesthesia  or 
drugs  which  could  be  in  short  supply  in  space,  but  electricity  will  be  always 
..    available. 
:  '  ":*  Over  60  years  ago  electronarcosis  was  successfully  applied  by  Leduc  at 

the  beginning  of  the  century,  on  rabbits.  ;.  v. 


The  aiylicd  frequencies  tsxt  fr<"n  60  to  700  cps  and  the  current  is 
retorted  between  5  and  250  miUiamps.     Tliaasands  of  narcoses  were  admin- 
istered, to  men  and  animals,  in  tMs  {asbicKu 

Good  results  were  obtained  widt  700  cps  sine  waye  signals,  with  12-50  volts 
and  50  to  100  iniTiiamps.     Ike  electrodes  were  placed  on  the  temple.     The 
eqaiqaaaeiU  consists  of  an  oscillator,  an  inverter  and  a  push-pull  amplifier. 

Electrosleep  pixxiaces  a  shallower  state  of  sleep,  which  persists  for  some 
tane  after  Che  current  is  cut  off. 

There  is  some  uncertainty  wiiether  by  sqrplying  such  weak  signals  sleep  is 
due  to  tike  current  or  suggesticno.     Whatever  die  underlying  mechanism  may  be. 
the  hgfidotic  effect  of  9-14  cps  sine  wave  signals  on  noany  test  persons  has  been 

IV.     EUECTRONIC  TECHXIQCES 

a)    Af^tlications  Published 

In  a  critical  review  of  dte  available  literature  it  became  evident  that 
electrical  signals  fed  into  the  brain  dirongh  skin  electrodes,  have  a  most  con- 
fused pa&way  due  to  Che  very  noisy  electrical  environment.     This  situation  is 
amplified  by  the  characteristics  of  the  low  frequencies  used  for  stimulation 
which  have  a  diffused  propagatioa  uiider  the  dielectric  of  the  brain. 

Therefore,  it  occurred  to  ^te  present  writer  that  the  signals  should  be 
channeled  through  die  established  padmrays  of  afferent  neurons.     Here  evolu- 
„tiowary  and  hocneostatic  mechanisins  provide  a  noise- free  input. 

Japanese  and  Russian  reports,   together  vrith  the  researchs^f  the  present 
writer,  which  he  has  performed  in  the  past  years,   indicate  that  the  solution  of 
the  problem  of  sleep  control  of  die  astronauts  lies  in  this  area. 

The  writer  has  investigated  this  problem  and  brought  about  preliminary 
results  which  have  demonstrated  the  feasibility  of  his  approach.     The  applied 
e<piipmeiit  and  a  clinical  and  statistical  evaluation,  however,   need  further 
research  and  development.     The  hypothesis  was  diat  if  one  can  generate  a 
rhythrric  strmnTation  of  the  optic  rterve,   the  frequency  of  which  coincides  with 
the  alpha  rhy^tm  <^  dfee  pers<m's  ££C^   then  by  presently  indefinable  resonance 
the  "sleep  center.  **  tar  the  rhnmhoencqihalic  reticular  fibers  will  adc^t  the 
periodicity  and  as  a  consequence  sleep  will  occur,  provided  the  noise  in  the 
brain  is  below^  a  certain,  arousal  value.     Research  has  been  performed  mainly 
on  animals.     Sacne  of  &e  iiifoiriiation  available  on  humans  is  mentioned  here. 

Japan's  Xatfonal  Railway  I^abor  Medical  Laboratory  reports  that  10  cps  and 
100  oaicroomperes  applied  to  inaowrmacs  eye-lids  will  put  thoon  to  sleep  witiiin 
seconds. 

Cglyai^owkf  in  the  GSSS  applies  a  poising  dc  current  in  the  frequency  band 
oft  1  -  20  cps.  wdh  square  wave  poises  of  0.  2  m  sec  duration- 

Transfcy  in  Bulgaria  ^plicd  0.  5  -  2.  5  volt  and  0.''2  -1.5  nkamp  in  foim  of 
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were  used,    18  females  and  34  males,  who  were  in  the  age  bracket  of  17-22 
years.     A  few  of  the  experimenta  were  repeated  with  the  same  person  on  several 
days.     The  persons  were  subjected  to  the  experiment  after  receiving  explanation 
of  the  purpose  and  technique.     In  cases  where  the  subject  showed  anxiety,  which 
was  frequent,   the  electrodes  were  applied  and  the  effect  was  demonstrated.     The 
electrodes  were  then  removed  and  the  subject  was  left  alone  on  the  reclined 
chair  while  the  experimenter  busied  himself  with  other  work..    Within  five  to  ten 
minutes  the  subjects  themselves  requested  continuation  of  the  experiment. 
From  then  on  the  experimenter  did  not  communicate  with  the  subject  to  avoid 
hypnotic  suggestion. 

In  many  cases  the  subjects  selected  the  "most  pleasant"  frequency  and  the 
"best"  current  by  them.selves  adjusting  the  signal  generator.     This  activity  must 
have  preconditioned  the  subject  because  in  these  cases  the  hypnotic  effect  seemed 
to  occur  sooned  than  in  cases  where  the  frequency  was  pre-set. 

Based  on  the  declared  results  of  the  advertised  "heart-beat  comforter"  for 
babies,   it  was  considered  to  explore  whether  a  monotonous  audio  stimulus  is 
synergistic  to  the  effect  of  photic  stimulation.     Therefore,   the  heart  sound  was 
chosen  and  a  tape  recording  was  made  from  an  audiocardiograph.     The  tape  was 
edited  to  remove  the  sound  of  arhythmias  and  the  peristaltic  noise.     Without  ex- 
ception the  subjects  considered  the  sound  of  the  recording  as  distractive  and  it 
interferred  with  the  effects  of  photic  stimulation.     It  seenns  possible,   however, 
that  other  less  complex  audio  signals  than  the  heart  sound  could  be  effectively 
used  if  applied  at  the  low  frequencies  of  1  -  2  cps.     This  is  indicated  by  the 
experiment  by  which  a  small  relay  or  solenoid  was  strapped  on  the  vertebral 
column  of  a  rabbit  in  the  sacroiliac  region  and  made  to  tap  the  vertebra  at  set 
frequencies.     The  results  were  inconclusive  because  the  problem  could  not  be 
explored  with  statistically  satisfactory  data  in  the  available  time.     In  some  cases 
the  animal  went  to  sleep;  in  others  it  acquired  catatonic  posture  or  showed 
almost  epileptoid  behavior.     In  other  insttances  when  the  animal  was  stimulated 
at  other  parts  of  the  backbone  there  seeined  to  be  no  effect.     In  these  experi- 
ments it  is  uncertain,  of  course,   if  the  stimulus  is  primarily  tactile  or  audio. 

The  use  of  weak  audio  sign^ils  which  are  pleasurably  but  subconsciously 
associated  with  the  person's  individual  environment  at  the  time  of  going  to  sleep, 
has  been  considered. 

The  photic  stimulus  was  generated  by  a  signal  generator  with  variable  fre- 
quency.    The  frequency  was  selected  by  the  subjects  who  were  permitted  to  scan 
between  1  cps  up  to  the  frequency  of  flicker  fusion.     All  subjects  tested  so  far 
have  chosen  a  frequency  between  10'  and„14  cps.     It  is  thinkable  that  the  hedonic 
value  of  their  choice  in  frequency  nmay  have  significance  in  some  aspects  of 
hypnotherapy. 

The  electrodes  were  made  in  the  shape  of  eyeglasses  with  the  glass  replaced 
by  a  metal  screen  which  was  covered  with  a  thick  pad  of  gauze.     When  used,  the 
pads  were  moistened  with  saline  solution.     To  the  ends  of  the  temple  of  the  eye- 
glass frame  was  fastened  a  rubber  band  which  assured  proper  fit  and  contact  to 
the  eyelids.     The  connection  from  the  electrodes  to  the  signal  generator  was 
made  with  alligator  clamps  on  a  shielded  cable. 

The  input  signal  was  sinusoidal  and  w&«  applied  across  the  eyeballs. 
Depending  on  the  skin  resistance,  t^e  current  was  20  to  50  ma.     It  is  thought 


that  such  a  low  frequency  current  probably  travels  within  the  sclera  to  the 
optic  nerve.     This  is  fortunate  for  (he  protection  of  the  retina  at  prolonged 
exposure.     Higher  currents  in  the  200-300  ma  range  may  propagate  partially 
in  the  choroid,   the  effect  of  which  must  be  ophtalmologically  tested.     In  all 
experiments  performed  not  one  subject  showed  even  the  slightest  temporary 
aftereffects  in  spite  of  several  repetitions.    Presumptive  data  Indicates  a  broad 
znargin  of  safety  for  this  technique. 

The  observation  of  the  depth  of  sleep  by  the  eye  movement  was  not  possible 
because  the  electrodes  covered  the  eyes.     Therefore,  the  onset  of  sleep  was 
measured  in  many  cases  by  a  light  touch  of  the  underarm  hairs  with  a  camel- 
hair  brush  and  instructing  the  subject  to  report  with  a  sMght  motion  of  the  index 
finger.     The  tactile  stimulus  was  applied  at  random  intervals  of  about  once  a 
minute  until  the  report  failed.     Sleep  occurred  in  most  of  the  cases  within  five 
to  eight  minutes.     By  repeating  the  experiment  on  different  days  with  the  same 
person  there  was  at  first  a  decrease  in  the  time,  but  by  further  repetition  an 
increase  was  observed  in  the  time  required  for  the  effect. 

The  room  was  a  quiet  environment  (10-15  db)  but  was  not  fully  soundproofed 
to  avoid  possible  effects  of  sensory  deprivation. 

From  these  preliminary  experiments  it  seems  to  be  evident  that  a  sinusodial 
wave  pattern  in  the  low  frequencies  applied  as  photic  stimuli  produce  in  most 
cases  a  hypnotic  state.     The  frequency  range  was  10-14  cps;  thus,   the  effect  is 
not  identicalWith  electronarcosis,  which  operates  at  much  higher  frequency  and 
higher  current. 

The  mechanism  of  the  onset  of  sleep  seems  to  respond  better  to  the  sine 
wave  pattern  than  to  square  waves  or  to  signals  with  extremely  short  duration, 
as  was  used  by  Russian  investigators. 

It  seems  also  that  the  conscious  level  of  the  subject  ^xras  about  A-  on  the 
Simon- Emmons  scale,   although  the  favored  frequency  of  about  14  cps  corres- 
ponds to  the  sleep  level  C  on  the  same  scale,  which  indicates  the  appearance  of 
sleep  spindles. 

The  plans  call  for  further  experiments  with  larger  numbers  of  subjects, 
better  controlled  conditions  and  EEG,   as  well  as  biochemical  and  physiological 
monitoring,   such  as  eosinophil  count,   lactic  acid  production,   etc.     The  spectrum 
of  frequency  will  be  also  extended  to  five  seconds  or  even  fifteen  seconds  per 
cycle  to  explore  a  possible  hypothalamic  resonance  effect  in  the  delta  activity      ■ 
range. 

It  is  expected  that,  from  the  presently  available  laboratory  equipment,  a 
prototype  will  be  developed  which  can  be  applied  to  sleep  control  in  the  space 
crew  compartment. 

Such  a  device  must  be: 

1)  applicable  and  effective  to  the  majority  of  astronauts 

2)  proven  harmless 

3)  free  of  side  effects 

4)  highly  reliable  and  maintainable 

5)  insensitive  to  acceleration 

6)  insensitive  to  nuclear  radiation 

7)  light  weight  and  small 

Good  progress  has  been  made  in  the  RIcD  of  such  a  design. 
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V.  .  CONCLUSION  AND  FUTURE  DEVELOPMENTS 

Man  spends  about  one-third  of  his  lifetime  sleeping.  This  in  itself  indicates 
the  significance  of  this  state  for  the  physiological  and  psychological  homeostasis 
of  a  normal  person. 

Unfortunately,  the  sleep-pattern  of  man  does  not  match  always  the  requirement 
of  our  modern  and  sophisticated  socio-technocratic  life.     Therefore,   recently  it 
became  necessary  to  study  the  mechanism  of  sleep.     The  aim  of  such  investigation 
is,  besides  the  scientific  information,  the  desire  to  manipulate  sleep. 

What  is  known  is,    in  essence,   the  fact  that  monotonous  repetition  of  audio  or 
visual  stimuli  has  frequently  induced  sleep  in  a  number  of  subjects.     This  effect 
has  a  number  of  dependent  variables,   such  as  frequency  spectrum,   environmental 
factors  and  variables  of  certain  mental  states. 

In  addition  to  the  condition  of  insomnia,   this  problem  received  impetus  by  the 
design  of  the  work  profile  of  long-range  space  missions.     Here  the  rest-work  cycle 
is  radically  different  from  the  terrestrial  nocturnal-diurnal  human  pattern.     Be- 
cause of  the  -  some  times  -  highly  taxing  performance  requirements  it  is  impera- 
tive that  the  astronaut  should  fall  into  restful  sleep  at  any  regular  or  irregular 
intervals.     Of  course,  drugs  which  cause  drowsiness  or  other  side  effects  are 
out  of  the  question. 

It  has  been  confirmed  by  the  writer  that  sinusoidal  electrical  stimuli  of  the 
optic  nerve  in  thie  9  to  12  cps  range  will  bring  about  sleep  in  most  subjects  with- 
in minutes.     The  current  applied  is  below  the  sensory  threshold  of  the  skin  and 
the  homeostatic  effect  is  fair  provided  arousal  threshold  is  not  exceeded.     In 
other  words,   the  effect  shows  stability  agai^ist  overriding  stimuli.     The  created 
flicker  seemis  to  dominate,  if  applied  long  enough,  even  over  otherwise  strong 
arousing  audio  stimuli  such  as  soft  jazz  music. 

The  biophysical  or  psychophysical  problem  of  sleep  control  has  a  broad  spec- 
^      trtun  for  experimentation.     Large  numbers  of  individual  experiments  have  to  be 
^      carried  out  for  statistical  evaluation  of  the  results.     They  will  demonstrate  the 
I      considerations  which  are  needed  if  one  deals  with  a  single  factor  of  a  complex 
#      system.  "  ■ 

1;  It  does  not  seem  far  fetched  to  expect  that  within  a  relatively  short  time  man 

will  develop  equipment  which  may  be  pre- set  to  alter  the  biological  clock  of  sleep. 

The  time  might  even  come  when  implanted  bionic  will  control  sleep  and  wake-  ° 
fulness.     They  could  be  governed  by  biophysical  or  biochemical  symptoms  of 
fatigue;  thus  would  eliminate  the  over-taxing  of  our  physiology  and  prevent  the 
exposing  of  our  psyche  to  undue  stress.     Such  a  condition  will  significantly  in- 
crease the  life  expectancy  of  mankind.     We  could  live  150  or  200  years,  taking 
even  into  consideration  the  lack  of  regeneration  of  our  cardiac  tissue. 

Of  course,  when  such  time  comes,  our  activity  pattern  will  be  greatly  changed. 
You  may  feel  a  prickle  on  your  skin  above  the  implanted  bionic  device.  This  could 
signify:  "You  are  working  too  hard,  better  go  to  bed  because  in  five  minutes  I  will 
make  you  sleep.  ^*    On  the  other  hand,  after  two  hours  it  might  wake  you  up  and  if 
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you  choose  to  stay  in  bed  it  will  sense  the  reduced  rate  of  respiration  and 
circulation  and  will  deliver  continuous  mild  electric  shocks  which  signify: 
"You  are  lazy.     I  know  you  are  well  rested.     Get  up  and  do  whatever  you 
want  to  do.  " 

And  this,  ladies  and  gentlemen,   is  not  any  more  science  fiction.     It  seems 
that  a  good  old  standby,   the  alarm  clock,  is  going  out  of  fashion. 


:i'„  ;  ,  V.  ;  it 
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SUMMARY 

Of  the  multitude  of  obstacles  that  confront  the  scientists  and  engineers  engaged 
in  making  Project  Apollo  a  success,   those  directly  associated  with  life  support  ap- 
pear the  least  defined.     They  are  not  defined  clearly  because  they  combine  physio- 
logical and  psychological  factors  peculiar  to  the  human  machine  with  the  parameters 
upon  which  heat  and  mass  transfer,   mechanics  and  kinetics  depend.     Because   Pro- 
ject Apollo  is  a  manned  mission  it  follows  that  all  the  benefits  which  can  accrue  due 
to  man's  participation  must  be  realized that  he  can  not  be  hampered  from  ac- 
complishing his  tasks,   be  they  thinking  or  doing,   because  of  the  lin^itations  imposed 
by  his  portable  environment.      It  is  the  intent  of  this  paper  to  discuss  some  of  the 
interesting  areas  thaf  have  been  uncovered  to  date  in  the  optimization  of  a  Portable 
Life  Support  System. 

The  system  is  intended  for  extra -vehicular  use  -  either  in  deep  space  or  on  the 
surface  of  the  moon.     It  consists  of  a  full  pressure  suit  assembly  (which  includes  an 
-overgarment  designed  to  act  as  a  thermal  barrier)  and  the  back  pack  which  contains 
all  the  equipment  necessary  for  replenishing  and  conditioning  the  internal  atmosphere. 
Provisions  are  also  included  for  waste  managem^t,    communication,  performance 
monitoring  and  telemetry  of  performance  and  physiological  data,    etc. 

At  the  onset  of  the  Apollo  Space  Suit  Development  Program  intensive  theoretical 
heat  and  mass  transfer  studies  were  made  to  establish  a  procedure  through  which 
the  performance  of  the  ventilation  system  could  be  predicted  and/or  evaluated.     The 
mechanism  through  which  a  gas  stream  removes  heat  from  the  suit  loop  is  very  com- 
plex.    The  pressure  suit  does  not  provide  an  adiabatic  wall,    so  the  ventilation  stream 
must  be  capable  of  absorbing  the  amount  of  heat  which  flows  in  from  the  surroundings. 

Because  it  is  desirable  from  a  weight  standpoint  to  select  a  low  ventilation  flow 
rate  (12-16  cfm),   the  contact  time  between  it  and  the  body  can  be  expected  to  be  rela- 
tively long.     Moreover,   except  for  extraordinary  heat  leakage  conditions,,  the  highest 
temperature  in  the  suit  portion  of  the  loop  is  that  of  the  body  surface.     Due  to  the 
long  contact  time  and  the  nature  of  the  return  flow  path,   the  man-suit  system  is  a 
rather  effective  heat  exchanger.  Thus,   exit  flow  from  the  suit  is  close  to  skin  temp- 
erature.    Hence,   for  a  given  inlet  temperature  and  weight  flow,   the  sensible  stream 
heat  capacity  is  almost  constant.     If  the  heat  leakage  from  the  environment  is  great- 
er than  this  capacity,  the  subject  adsorbs  the  excess  and  returns  it  to  the  stream  in 
the  form  of  latent  heat.     If,   on  the  other  hand,  the  heat  leakage  is  negligible  or  nega- 
tive (leaving  the  suit),  the  entire  sensible  capacity  of  the  stream  is  used  to  cool  the 
subject  and  only  the  excess  of  metabolic  heat  over  the  sum  of  sensible  stream  capac- 
ity and  heat  leak  (outward)  is  transferred  latently. 
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Because  system  power  requirements  and,   therefore,   weight  depend  greatly  on 
the  ventilation  flow  rate,   it  is  imperative  to  select  the  minimum  flow  rate  that  will 
maintain  the  subject  in  thermal  equilibrium  at  the  anticipated  metabolic  activity 
rate  commensurate  with  safe  and  comfortable  physiological  tolerance  to  relative 
humidity  and  temperature.     Thermal  control  is  maintained  by  a  water  boiler.     Humid- 
ity control  at  the  suit  inlet  is  accomplished  by  maintaining  the  suit  inlet  flow  saturat- 
ed at  water  boiler  exit  temperature.     Excess  water  is  removed  by  a  water  separator. 

The  weight  of  each  of  the  components  of  the  PLSS  as  a  function  of  total  system 
heat  rate,   total  integrated  mission  heat  load,   local  volume  flow  and  other  independ- 
ent variables  can  be  described  by  an  equation.     Thus,   an  estimate  of  total  system 
weight  can  be  made  as  a  function  of  total  metabolic  activity.     For  a  given  integrated 
load,  the  shape  of  the  mission  activity -time  profile  also  affects  system  weight.     The 
weight  of  material  required  for  CO2  removal  and  the  amount  of  water  stored  for  cool- 
ing depends  on  the  length  of  time  during  which  peak  loads  are  maintained  and  on  how 
close  to  the  end  of  the  mission  they  occur. 

The  results  of  a  parametric  study  in  which  latent  heat,   system  weight,  volume 
flow,  and  total  system  heat  load  are  plotted  as  functions  of  total  metabolic  load  and 
heat  leakage  have  been  presented;  the  relationships  linking  PLSS  weight,   system 
electrical  power,   system  pressure  drop,  and  metabolic  load  have  also  been  included. 

Thie  testing  of  the  prototype  PLSS  has  demonstrated  that  the  equipment  can,   in- 
deed, perform  the  xnission  for  which  it  has  been  designed.     Moreover,   when  an  in- 
strumented unit  Was  committed  to  manned  test,  the  performance  of  the  SSA  was  satis- 
factory.    More  important,   the  data  obtained  to  date  will  be  an  invaluable  tool  in  the 
design  of  the  next  generation  of  Portable  Life  Support  equipment. 

«*^  SELECTION  OF  A  DESIGN  POINT 

Before  any  PLSS  concepts  could  be  considered,   it  was  necessary  to  estimate 
the  rate  of  metabolic  energy  expenditure  of  an  astronaut  during  a  typical  Apollo  mis- 
sion.    This  was  necessary  because  the  nraajor  portion  of  the  heat  that  must  be-dissi- 
pated  in  such  a  PLSS  comes  from  that  produced  by  the  occupant's  metabolism.     At 
the  onset  of  the  program,  a  ground  rule  was  established  by  NASA  which  dictated  that 
the  system  should  be  capable  of  handling  an  average  metabolic  load  of  11,  300  BTU/ 
day.     Therefore,   a  system  designed  to  dissipate  a  metabolic  load  of  500  BTU/hr  was 
proposed.     In  a  short  time  after  receipt  of  the  contract  to  develop  the  PLSS  system, 
it  became  apparent  that  the  metabolic  load  requirement  of  500  BTU/hr  was  unrealistic. 
At  that  timie  a  theoretical  study  was  made  in  an  attennpt  to  assess  the  effect  of  the 
lunar  terrain,    the  reduction  in  gravity,   the  encumbrance  caused  by  the  suit,  and 
similar  unknowns  on  the  metabolic  energy  expenditure  rate  of  the  astronaut.     It  was 
also  necessary  at  that  time  to  make  a  first  cut,  however  premature,  of  a  mission  task 
analysis.     Thus,   activities  such  as  walking,   setting  up  of  photographic  and  astronomy 
equipment,   gathering  of  geological  specimens,   and  similar  activities  that  probably 
would  be  performed  during  such  a  n^ission  were  assigned  nominal  metabolic  costs. 
These  rates  came  largely  from  available  literature  which  has  been  generated  at 
several  universities  and  biomedical  laboratories.     For  example,   the  metabolic  rate 
associated  with  walking  at  a  speed  of  3  miles /hour  was  taken  to  be  somewhere  between 
1200  and  1800  BTU/hr.     This  value  is  considerably  affected  by  the  slope  over  which 
the  subject  is  walking  and  by  the  amiount  of  weight  he  is  carrying.     It  is  also  affected 
by  the  mechanical  efficiency  with  which  he  is  performing  that  task.     For  the  purpose 
of  this  study  it  was  assvtiqned  that  the  mechanical  efficiency  of  the  human  body  during 
a  walking  maneuver  is  zero;  that  all  the  energy  consumed  during  walking  is  converted 
to  heat.     It  was,   therefore,  necessary  to  design  a  system  to  be  capable  of  dissipating 
the  entire  metabolic  heat  generated  by  the  body  which  is  associated  with  a  given  task. 
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The  iacrcaac  ia  prfir-*<«i  eocrgy  diat  is  achieved  daring  waDdng  up  a  hill  or  in 
lUOm^  am  obfcct  from  one  h«i^  to  another  wltich  can  be  considered  as  a  nsefail  work 
oatpat  «■.•»  for  Ac  parpese  of  tids  inrestigation,  assumed  to  be  rcmored  by  tlie  sys- 
tem mm  heat  load.    The  aaderlyiag  reason  lor  such  an  approach  is  diat  the  pressurised 
aait  rcqsires  soose  a-fifi"T»  of  work  just  to  more  it  which  does  not  escape  from  die  sys- 
tem ao  ajscfid  work.     This  is  defined  as  suit  encumbrance.     This  encumbrance  was 
later  defined  daring  Ac  test  program.    The  encumbrance  caused  by  uiJmown  lunar 
terraia  cooditioaa  coald  only  be  estimated^  Somcrmotion  studies  were  made  of  men 
walkiag  at  varioas  speeds  to  determine  die  rate  at  wliich  the  center  of  gravity  of  the 
body  nM>red  up  aad  down  and  tke  #"*pHfTnff  of  such  movements.    This  informatian 
coald  thca  be  applied  to  a  man  of  given  wei^  walking  at  a  given  speed  to  determine 
Ac  associated  work.     Based  <m  these  studies  it  was  decided  that  for  a  four -hour  typi- 
cal Apollo  missioa  the  average  metabolic  energy  expenditure  rate  for  die  entire  four 
hoars  is  930  BTU/hr,     TUs  nnmber  includes  rest  periods.  -  The  peak  metabolic  rate 
was  estisaated  to  be  1600  BTU/hr. 

DETERIUHATION  OF  EXTERNAL  HEAT  LEAK 

In  addition  to  the  heat  generated  within  the  man-suit  system,  it  was  found,  based 
oa  estiir^tes  of  Innar  surface  temperature,  that  a  considerable  amount  of  heat  would 
leak  into  the  tjtem  unless  some  type  of  thermal  insulation  was  utilised.     The  design 
point  selected  was  the  subsolar  posititm.    At  this  point  it  was  assumed  that  for  one 
reason  or  another  die  astronaut  would  be  in  a  horizontal  positfon  such  that  the  solar 
fine  was  «rtposed  to  one-hal^of  his  body.     The  lunar  surface  temperature  at  the  sub- 
solar  foirt  was  taken  at  250  F.    At  this  combination  of  heat  iiqmts  the  use  of  a  super 
iasnlatar  is  mandatory. 

From  an  investigation  of  several  super  insulator  materials  it  was  found  that  the 
heat  iT'.k  into  die  suit  could  probably  be  held  to  under  150  BTU/hr.     This  is  only  ac- 
complished throngli  the  use  of  an  outer  surface  for  widch  the  emissivity  at  infrared 
wave  I'li'/ih.*  is  rather  hii^  and  the  ratio  of  absorptivity  to  solar^wave  lengths  over 
emiss.vity  was  low.     An  e<iuilibrium  surface  temperature  of  175  F  was  calculated. 
TUs  was  well  below  the  upper  limit  to  winch  this  material  could  be  subjected. 

GENERAL  PLSS  REQUIREMENTS 

In  order  to  compare  various  systems,  it  is  desirable  to  state  and  summarise 
die  specific  tasks  that  must  be  accomplished  by  the  back  pack.     The  regulation  and 
supply  ci  oxygen  at  a  pressure  level  of  3.  5  psia  was  selected.     For  a  subject  work- 
ing at  1600  BTU/hr  the  average  oxygen  consumption  rate  is  0.  26  Ibs/hr.     For  the 
average  metebolic  rate  of  930  BTU/hr  the  metabolic  O2  consumption  is  .  18  Ibs/hr. 
Therefore,  the  oxygen  supply  nrast  be  sized  to  provide  this  0. 18  Ibs/hr  for  the  en- 
tire mission  in  additton  to  the  quantity  of  oxygen  v^ich  leaks  from  the  systenn.   More- 
over, in  a  design  of  oxygen  pressure  bottles  there  is  an  ullage  factor  which  repre- 
sents that  quantity  of  oxygen  udiich  cannot  be  removed  effectively  from  the  bottle. 
The  bottle  pressure  that  was  selected  as  a  ground  rule  was  ,850  psi  because  this  was 
the  pressure  of  the  oxygen  that  will  be  stored  on  the  Apollo  Comnumd  Module  and 
LEM  vehicles.     This  would,  therefore,  enable  recharging  of  the  bottles  to  be  ac- 
complished without  too  much  difficulty.     The  control  of  contaminants  within  the  sys  - 
tem  is  another  objective  of  the  PLSS.     The  principle  contaminant,   of  course,   is  the 
carbon  dioxide  generated  by  the  subject  during  the  performance  of  his  tasks.     For  a 
man  worldng  at  the  average  930  BTU/hr  the  production  rate  of  CO?  is  in  the  order 
of  0.182  Ibs/hr. 


Thus  over  a  four -hour  misaion  components  had  to  be  designed  to  absorb  approx- 
imately 3/4  of  a  pound  of  caj^bon  dioxide.    It  must  do  this  while  not  allowing  the  par- 
tial pressure  of  inspired  CO2  to  exceed  the  safe  tolerable  limit.     For  periods  in  the 
order  of  four -hours,  this  maximum  limit  was  considered  to  be  one  percent  of  a  sea 
level  atmosphere  or  7.  6  xaxa  Hg.     The  use  of  LdOH  and  LJ2O  as  CO2  absorbers  was 
evaluated.     Because  reliable  data  on  Ul^O  was  not  available  and  because  LdOH  has 
already  been  used  successfully  in  this  type  of  application,  it  was  selected  as  the 
absorber  material.     The  back  pack  must  also  provide  a  method  of  recirculating  the 
oxygen  within  the  loop.     This  is  a  most  important  function.     The  back  pack  may  in- 
corporate the  ultimate  in  heat  rejection  equipment,  but  if  the  heat  (both  latent  and 
sensible)  is  not  transported  from  the  suit  to  the  back  pack  the  equipment  is  useless. 
Therefore,  the  use  of  a  circulating  fluid  is  necessary  to  perform  the  heat  and  mass 
transport  function.     Oxygen  is  the  obvious  choice  for  the  transport  fluid  because  its 
presence  is  already  required  for  metabolic  needs.     The  recirculation  flow  is  also 
important  from  a  standpoint  of  helmet  carbon  dioxide  purging.     Just  as  in  the  case 
of  a  heat  exchanger  being  ineffective  without  a  transfer  medium,  the  carbon  dioxide 
removal  canister  would  be  completely  useless  if  the  carbon  dioxide  were  not  trans- 
ported from  the  oro -nasal  area  to  that  area  of  the  back  pack  which  removes  CO2 
from  the  stream. 

The  function  of  thermal  control  involves  humidity  control  and  temperature  con- 
trol.    Temperature  control  is  not  merely  reducing  the  temperature  of  the  stream  to 
remove  the  sensible  metabolic  load.     It  also  implies  the  dissipation  of  all  other  heats 
created  in  the  system.     For  example,   that  produced  during  the  chemical  process  in 
which  CO2  is  combined  with  LiOH,   or  the  heat  that  is  produced  by  the  work  put  into 
the  stream  by  the  fan,   etc.     Humidity  control  is  required  because  the  driving  force 
available  for  transfer  of  latent  load  is  a  function  of  the  gradient  in  vapor  partial 
pressure. 

Most  of  the  heat  generated  by  the  subject  is  given  off  in  the  form  of  latent  heat. 
This  is  so  because  the  flow  that  is  circulating  within  the  system  has  been  selected 
to  be  the  minimum  rate  commensurate  with  physiological  well  being  of  the  subject. 
In  order  to  increase  the  portion  of  metabolic  heat  which  is  removed  sensibly,  higher 
coolant  flow  rate  is  required.     This  implies  a  larger  fan  and  power  requirement 
which  rapidly  Increases  the  weight  associated  with  energy  storage  (battery  or  pres- 
surized O2).     This  minimum  rate  is  strongly  influenced  by  the  CO2  purge  require- 
ment.    Therefore,   it  is  observed  that  one  of  the  fundamental  ground  rules  that  was 
applied  in  the  design  of  this  system  was  that  it  was  necessary  to  maintain  the  sub- 
ject in  a  sufficiently  good  state  of  comfort  to  perform  his  intended  tasks.     It  was  not, 
however,  possible  to  make  him  "coxnfortable"  by  everyday  standards  because  this  is 
too  great  a  luxury.     The  maintenance  of  70  percent  relative  humidity  in  the  center  of 
the  comfort  regime  in  a  psychometric  chart  requires  a  system  volume  flow  which 
could  only  be  obtained  with  a  huge  weight  penalty.     The  back  pack  must  be  equipped 
to  dissipate  the  latent  load  at  a  level  such  that  the  partial  pressure  of  water  vapor 
into  the  suit  gives  rise  to  a  partial  pressure  gradient  between  skin  and  stream  which 
provides  transfer  of  sweat  at  the  same  rate  at  which  it  is  being  generated.     When  the 
.latent  load  is  removed  in  the  back  pack,  a  considerable  amount  of  the  subject's   sweat 
Which  was  in  the  form  of  water  vapor  is  condensed  to  liquid  water.     This,  therefore, 
necessitates  the  use  of  a  water  separator.     If  a  water  separator  were  not  used  the 
liquid  would  simply  be  re -entrained  into  the  stream.     The  stream  would  then  enter 
the  suit  at  a  high  value  of  dew  point  which  would  prevent  mass.transfer  from  the  mwa 
to  the  coolant. 

Another  function  of  the  back  pack  is  that  of  providing  a  prime  mover.     The  r«clr> 
culating  stream  can  be  powered  by  several  means  but  &e  energy  to  do  this  mm«t  com* 
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from  soxnewliere.     Several  approaches  to  this  requirement  are  discvased  in  the  fol- 
lowing acction. 

A  very  important  function  of  the  back  pack  ii  that  of  communication  and  telemetry. 
It  is  dcairable,  if  not  necessary,  to  be  able  to  monitor  the  physiological  well  being  of 
tiic  astronaut  as  well  as  the  functional  performance  of  the  back  pack  at  all  times/ 
Thcrcfbre,  a  telemetry  and  communications  system  must  be  incorporated  into  the 
back  pack.     Typical  physiological  parameters  that  can  be  monitored  are  htfart  beat, 
respiration  rate,  and  body  temperature.     Within  the  back  pack  continuous  measure- 
ment and  telemetry  of  suit  inlet  temperature,  battery  voltage,  'oxygen  bottle  pressure 
and  recirculating  syst«m  pressure  are  envisioned.     Finally,  the  back  pack  should 
contain  any  warning  devices  and  emergency  systems  that  are  considered  to  be  neces- 
sary cither  for  improving  the  reliability  of  the  system  or  the  ability  of  the  astronaut 
to  assess  any  problems  that  may  come  up  during  operation. 

ALTERNATIVE  PLSS  CONCEPTS 

Although  there  are  many  combinations  of  components  that  would  satisfy  the  objec- 
tives outlined  above,  the  discussion  of  alternative  system  concepts  will  be  limited  to 
the  ones  which  appear  to  be  most  practicable. 

Figure  1  shows  schematically  a  system  in  which  the  recirculating  flow  is  pumped 
by  a  Ian  which  in  turn  is  power«d  by  a  battery  driven  motor.     The  LdOH  canister 
could  be  located  before  or  after  the  fan.     An  optimization  study  based  on  weight  was 
conducted  to  deternaine  which  of  these  locations  was  most  desirable.     It  was  found 
that  the  penalties  that  accrued  from  locating  the  LiOH  canister  downstream  of  the 
fan  in  terms  of  decreased  canister  performance  more  than  offset  the  advantage 
(lower  power  requirenaent)  that  resulted  from  putting  the  fan  upstream.     Therefore, 
the  LdOH  canister  was  placed  upstream  of  the  fan. 

The  water  boiler  was  located  as  close  to  the  suit  as  possible  so  that  a  low  inlet 
temperature  and  dew  point  could  be  realized.     The  line  from  the'  water  separator  to 
the  water  boiler  returns  condensed  sw«at  to  the  water  side  of  the  water  bpiler.     This 
is  a  unique  concept  in  as  much  as  it  makes  use  of  the  sweat  twice;  the  first  time  being 
when  the  man  gives  off  the  latent  load.      When  the  condensed  sweat  is  boiled  off  as 
steam  in  the  water  boiler,  it  is  being  used  to  cool  the  recirculating  stream.     The  use 
of  sweat  in  this  fashion  enables  a  more  economical  sizing  of  the  water  boiler  storage 
•ump.    Any  water  that  could  be  obtained  as  a  result  of  sweating  does  not  have  to  be 
stored  at  the  beginning  of  a  mission. 

Figure  Z  is  a  schematic  diagram  of  a  system  powered  by  an  ejector.    Stored  oxy 
gen  is  used  as  the  primary  flpw  in  the  ejector.     The  b.xygen  can  be  stored  in  either 
gaseous  form  at  the  previously  stipulated  850  psia  or,  if  practicable,  at  any  higher 
pressure  consistent  with  tolerable  stress  values  in  the  bottle.   Cryogenic  oxygen  stor- 
age has  also  been  considered  as  a  possibility  in  this  type  of  application.    Howbv^x,  for 
the  small  quantities  of  oxygen  that  would  be  necessary  in  a  four-hour  mission  of  this 
type,  it  was  found  that  with  the  weight  of  insulfition  required  to  maintain  the  low  telnp  - 
•rature  of  the  cryogenic  oxygen,  there  was  no  appreciable  savings »in  bottle  weight. 
The  overall  weight  penalty  associated  with^  cryogenic  stbrage  is  approximately  one 
pound  of  tank  per  poiind  of  oxygen  stored.     While  this  compares  faviirably  with  the 
over  two  pounds  of  tank  per  pound  of  gaseouk  O2  storied  at  650  psiaf,  the  additional 
quantity  of  oxygen  required  in  an,  ejector  system  more,  than  accounts  for  this  di£^er- 
•nce  in  weight.     Ejectors  have  been  tested  which  exhibit  primary  to  secondary  flow 
zatios  «f  7  t<j!  1. 
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It  ia  possible  that  values  up  to  9  to  1  can  be  realized,  but  it  is  questionable  as 
to  'Whether  or  not  the  required  system  pressure  drop  can  also  be  made  up  when  a 
ratio  of  9  to  1  is  utilized.     Note  that  in  such  a  system,  the  primary  flow  must  be 
ejected  from  the  system  if  a  build-up  of  pressure  is  not  to  occur.     If  this  bleed 
occurs  downstream  of  the  suit,   it  can  be  observed  that  some  of  the  carbon  dioxide 
which  is  generated  will  never  get  to  the  CO^  remover.     Therefore,  the  LiOH  can- 
ister can  be  sized  for  a  smaller  CO,  load  in  this  type  of  system..  Thus,   with  the 
exception  of  the  oxygen  tank,   the  weights  of  the  components  decrease  due  to  the 
overboard  flow.     This  decrease  in  weight,  however,    is  negligible  when  compared 
to  the  gain  in  tank  and  oxygen  w,eight  required  to  maintain  and  store  the  primary 
flow.     Cryogenic  storage  was  not  considered  feasible  to  this  ai>plication  for  a  rea- 
son other  than  that  mentioned  above.     The  problem  of  recharging  the  bottle  can  be 
very  significant.     Daring  the  course  of  the  LEM  mission,  the  density  of  the  ci^'J^o-' 
genically  stored  oxygen  decreases.     In  order  to  obtain  high  density,  cryogenic  oxy- 
gen for  the  PLSS  late  in  the  L£M  mission,   some  of  the  oxygen  taken  from  the  LEM 
tanks  must  be  evaporated  to  cool  the  oxygen  with  which  the  PLSS  tank  is  filled.  .  Thus, 
an  excess  amount  of  oxygen  over  and  above  that  required  to  fill  the  PLSS  tank  must 
be  taken  from  the  LEM  storage  tank.     Whether  or  not  this  excess  oxygen,   which  is 
boiled  off,  can  be  used  is  questionable.     If  part  must  be  thrown  away,  this  repre- 
sents a  weight  penalty  that  should  be  charged  to  the  PLSS  along  with  any  special 
tank  filling  apparatus.    Moreover,  if  the  PLSS  oxygen  bottle  is  sized  for  the  high 
density  cryogenic  oxygen,  any  decrease  in  the  density  of  oxygen  that  is  finally 
achieved  during  a  recharge  will  be  reflected  in  less  total  stored  oxygen  weight,  and 
consequently,  less  available  mission  time.     The  dangers  in  such  a  procedure  arc 
readily  apparent.     Chief  among     these  would  be  the  requirement  of  an  extremely 
accurate  oxygen  quantity  sensing  technique  in  the  bottle.     With  gaseous  storage, 
pressure  and  temperature  readouts  are  adequate  to  ensure  the  proper,  recharge.      * 

Beside  ^e  ejector,  this  system  is  very  similar  to  the  fan  motor  system.    A 
water  boiler,   water  separator,  and  LiOH  canister  are  required.     It  is  possible  that 
a  supplemental  heat  exchanger  could  be  used  to  some  advantage  in  getting  heat  into 
the  oxygen  tank  if  cryogenic  oxygen  is  used.     This,  however,  is  not  achieved  without 
some  penalty  in  weight  and  reliability. 

Figure  3  is  a  schematic  of  an  oxygen  motor  powered  system.  This  system  is  ;. 
similar  to  the  two  previously  described.  The  major  difference  is  that  the  prime  ,^> 
mover  is  a  positive  displacement  oxygen  powered  motor.  Oxygen  enters  the  high  '}^ 
pressure  side  of  the  motor  and  is  exhausted  overboard  much  in  the  same  way  as  !» 
primary  oxygen  in  the  ejector  system  is  bled  overboard.  On  the  low  pressure  sid«,,^- 
the  system  ventilation  flow  is  pumped  by  a  large  piston.  It  is  believed  that  an  ef^^^.^ 
ficiency  of  60  to  70  percent  is  achievable  for  the  air  pump.  <:ft!fl:^^C 

The  siioaplest  system  that  could  be  envisioned  is  one  based  upon  the  use  of  a'!  '  ;^, 
through  flow  oxygen  flush  system  (Figure  4).     In  such  a  system,   oxygen  could  be     ' ' 
stored  either  in  gaseous  or  cryogenic  form.     There  is  a  pressure  regulating  valve  ;.: 
to  reduce  pressure  to  the  3.  5  psi  operating  level.     The  oxygen  leaves  the  regulator^ 
and  flushes  through  the  suit  and  then  overboard  carrying  with  it  all  the  oxygen,  C02'^' 
and  heat  generated  by  the  man.     There  is  no  need  for  any  recirculation  and,  there- 
fore, no  need  for  any  prinne  mover.     Unfortunately,   the  amount  of  oxygen  that  Would 
be  required  for  a  four -hour  mission  is  prohibitive^  -  amounting  to  40  to  45  pounds. 
If  a  cryogenic  storage  tank  is  utilized,  a  reasonable  estimate  for  tankage  weight     ^^ 
would  be  40  to  45  pounds.     Thus,   without  even  considering  miscellaneous  support    ,::,-  , 
and  valve  components  the  System  weight  is  over  80  pounds.     This  number  gets  suc*^.  > 
cessively  worse  when  gaseous  storage  along  with  its  accompanying  higher  taMk.         i>j 
weight  ia  considered. 
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A  novel,  if  not  uncomplicated,  method  of  PLSS  design  would  be  to  incorporate 
a  steam  turbine  which  utilises  the  energy  in  the  steam  eahausting  from  the  water 
boiler  (Figure  5).     The  operation  of  this  system  is  basically  the  same  as  the  fan 
motor  system  except  that  the  fan  is  driven  by  a  turbine  rather  than  a  battery 
powered  motor.     Theoretically  this  systenn  appears  at  least  feasible.     A  steam 
turbine  design  for  this  application  was  analysed  at  the  minimum  metabolic  load 
condition  for  which  the  steam  flow  exiting  from  the  water  boiler  was  minimum. 
The  turbine  pressure  ratio  was  ten  to  one  and  the  turbine  rotor  speed  was  55,  000 
rpm.     The  required  turbine  efficiency  to  operate  the  fan  and  pump  was  found  to  be 
40  percent,  minimum,  at  a  metabolic  load  of  800  BTU/hr.     At  minimum  metabolic 
loads  of  400  BTU/hr  which  may  indeed  be  more  reasonable,  it  was  found  that  the 
system  could  not  operate.     Labyrinth  seal  and  bearing  losse».^were  only  estimated. 
In  order  to  prevent  the  water  boiler  temperature  from  dropping  below  32 ,  a  back 
pressure  valve  would  be  required  between  the  boiler  and  turbine.     Therefore,  the 
inlet  pressure  available  to  die  turbine  at  average  operating  conditions  will  be  less 
than  the  water  boiler  exit  pressure.     It  is  questionable  if  the  efficiency  of  this  tur- 
bine could  even  approach  40  percent.     It  is  believed  that  a  reasonable  efficiency  for 
such  a  turbine  is  in  the  order  of  20  to  25  percent.     When  compounded  with  the  other 
disadvantages  of  complexity,  reliability,   etc.,  the  turbine  system  was  not  considered 
to  be  a  Justifiable  selection. 

■Ilk  The  system  shown  in  Figure  6  is  similar  to  the  closed  loop  fan  system  with  the 

'  exception  that  the  oxygen  supply  is  stored  chemically  as  in  potassium  superoxide 
(KO2).     As  the  ventilation  flow  passes  through  the  KO2  canister,  the  water  and  car- 
bon dioxide  in  the  stream  react  with  KO2  to  form  oxygen.     However,  the  reaction  of 
KO2  with  CO2  tends  to  be  rather  slow  and  an  LiOH  canister  is  still  required  for  CO2 
removal. 

The  operation  of  this  system  depends  on  oxygen  being  produced  as  a  function  of 
the  subject's  sweat  rate.     Under  most  conditions,  the  latent  load  produced  by  the 
man  will  be  adequate  to  produce  the  required  oxygen.     However,  for  low  loads  occur - 
ing  simultaneously  with  negative  heat  leakage,  it  wo\ild  be  necessary  to  reduce  the 
vent  flow  in  order  to  maintain  sweat  production.     VThile  this  could  be  accomplished 
automatically,  it  is  possible  that  the  resulting  flow  may  be  inadequate  in  terms  of 
CO2  purging  effectiveness. 

Within  each  system  the  weight  and  volume  of  each  major  component  was  estimated. 
A  system  reliability  number  was  then  determined  based  mostly  on  existing  failure 
records  of  components  similar  to  those  used.  * 

The  fan  motor  system  was  chosen  for  d^elopment  because  the  predicted  system 
weight  and  volume  were  the  least  for  all  systems  investigated  and  because  its  sue  - 
cess  did  not  depend  on  any  significant  improvement  of  existing  technology.     Moreover, 
the  fan  system  appeared  to  have  the  best  growth  potential.     Improvements  in  fan, 
motor,   or  battery  performance  will  yield  a  smaller  back  pack.     Without  increasing 

:;     the  back  pack  size,  increases  in  metabolic  rate  capacity  or  mission  duration  capacity 
were  projected^     The  system  powered  by  an  ejector  had  the  highest  predicted  reliabil- 
ity number  of  all  the  systems  only  when  gaseous  oxygen  storage  was  considered.     How- 

/:    ever,  the  difference  between  reliability  between  the  fan  and  ejector  systems  only  ap- 

.'-    pears  in  the  forth  place  after  the  decimal. 

The  air  motor  system  is  limited  due  to  the  volume  required  for  oxygen  storage 
'    in  the  same  way  as  the  ejector.     While  the  oxygen  motor  and  pump  assembly  did  not 
-;    require  any  advance  in  technology,  there  was  not  sufficient  experience  with  them 
:    upon  which  to  base  a  system.     The  predicted  weight  and  volume  of  the  chemical  and 
oxygen  storage  system  was  similar  to  the  fan  system.     However,  the  dependence 
upon  sweat  production  to  insure  oxygen  availability  was  unattractive.     If  a  supple- 
mentary gaseous  oxygen  supply  were  used  to  circunavent  this  feature,  there  no  longer 
was  a  valid  reason  for  any  chemical  oxygen  storage. 

430 


OPTIMIZATION  OF  SELECTED  SYSTEM 

When  the  £an  motor  battery  •ystexn  was  selected,  a  computer  program  was 
written  for  the  IBM  7090  computer  in  orderi  to  facilitate  the  solving  of  hundreds  of 
design  point  cases.     The  effect  of  system  flow  rate  and  metabolic  heat  load  on  sys- 
tem weight,  power,  and  volume  was  plotted.    Figure  7  is  a  typical  set  of  parametric 
curves  determined  from  computer  output.     In  it  can  be  seen  quite  graphically  the 
strong  influence  that  metabolic  load  has  on  required  ventilation  flow  and  toUl  sys- 
tem heat  load.     This  curve  is  plotted  at  a  value  of  system  heat  leak  (inward)  of  100 
BTU/hr.     A  fan  efficiency  of  65  percent  and  a  motor  efficiency  of  60  percent  was 
used  in  this  trail.     An  effectiveness  of  mass  transfer  of  2/3  applies  to  the  entire 
family  of  curves.     This  effectiveness  of  mass  transfer  is  defined  as  that  portion  of 
the  suit  exit  volume  flow  which  leaves  the  system  saturated  while  the  remainder 
leaves  at  inlet  dew  point.     While  it  is  known  that  this  is  a  fictitious  situation  and 
that  moisture  picked  up  within  the  suit  by  simultaneous  heat  and  mass  transfer  is 
more  or  less  evenly  diffused  in  the  stream,  the  concept  of  effectiveness  of  mass 
transfer  proved  to  be  a  useful  tool  with  which  to  analyze  this  portion  of  the  loop. 
Figure  8  shows  the  effect  of  effectiveness  on  the  volume  flow  rate  required  in  the 
system  as  a  function  of  metabolic  heat  load  and  heat  leak.     Note  that  for  very  pQor 
values  of  effectiveness  a  much  higher  flow  rate  is  required  to  remove  this  same 
amount  of  heat.     Therein  lies  the  fundamental  basis  for  desiring  a  high  value  of 
mixing  between  the  ventilation  flow  and  the  vapor  sweated  by  the  man.     If  this  venti- 
lation flow  could  leave  the  suit  loop  saturated,   then  a  minimum  value  of  flow  could    ^      f^-j 
be  achieved.     Figure  9  shows  the  pressure  across  the  fan  that  would  be  required  to  ; 
pump  the  flow  comitiensurate  with  the  metabolic  loads  and  mass  transfer  effectivie- 
ness  indicated.     The  significance  of  this  curve  can  only  be  assessed  when  the  depend- 
ence of  power  on  pressure  rise  is  shown.     This  motor  power  as  a  function  of  required 
fan  AP  is  shown  in  Fig(ure  10. 

SYSTEM  EVALUATION  v^'      v^ 

Upon  completion  of  the  fan  battery  prototype  system,  a  program  for  testing  it 
both  unmanned  and  manned  was  planned.   Before  commiting  a  man  to  the  system  it 
was,  of  course,  necessary  to  evaluate  some  of  its  more  important  performance  char- 
acteristics.  A  facility  (Figure  11)  nicknamed,  "The  Canned  Man"  was  established  which 
was  designed  to  simulate  typical  metabolic  outputs  of  man.  It,  therefore,  consumed  oxy- 
gen,  generated  carbon  dioxide,   generated  a  latent  sweat  load,   and  a  sensible  load.   It 
simulated  suit  pressure  drop  at  any  value  that  was  predetermined.   In  this  way,   the  ef- 
fect of  various  pressures  and  size  occupants  in  a  suit  as  they  effect  pressure  drop 
could  be  simulated.     All  the  parameters  mentioned  here  were  variable  by  the  operator. 
The  oxygen  supply  in  the  charged  PLSS  bottle  was  "consumed"  by  varying  the  opening 
in  a  manually  controlled  valve;  the  flow  through  this  valve  having  been  previously 
determined  as  a  function  of  the  metabolic  load  that  was  being  simulated.     Similarly,  a 
predetermined  value  of  carbon  dioxide  could  be  fed  into  the  loop  eventually  finding  its 
way  to  the  LiOH  canister.    In  this  way  canister  performance  as  a  function  of  CO2  load- 
ing could  be  evaluated.     The  canned  man  and  prototype  development  back  pack  were 
heavily  instrumented  so  that  a  complete  set  of  data  on  all  component  performance  could 
be  obtained  in  addition  to  the  system  performance  characteristics. 

J  .  ■  ■.  ' 

Figure  12  is  a  plot  of  the  corrected  system  pressure  drop  as  a  function  of  system 
ventilation  flow  rate.     The  pressure  flow  characteristics  were  taken  at  the  minimum 
and  maximum  position  of  the  flow  control  valve  setting.     Figure  13  shows  the  PLSS 
pressure  rise  characteristics  which  is  the  net  rise  of  the  fan  minus  the  losses  within 
the  back  pack.     Therefore,   the  solid  curve  in  this  figure  represents  the  pressure  ri««    ,; 
across  the  back  pack  if  the  back  pack  were  considered  as  a  single  component  (or  itut).     .:s 
The  dotted  line  in  this  figure  represents  the  predicted  space  suit  load  line  when  pr««-     ', 
surized  and  manned.     The  intersection  of  the  two  curves  then  yields  a  predicted  opsr*"* \ 
ting  point.     This  point  could  only  be  proved  valid  when  the  back  pack  and  a  presaurt««d  ": 
suit  were  mated.     When  this  test  was  actually  accomplished,   it  was  found  that  the  P»«-  J 
dieted  operating  point  was  achieved  within  5  percent. 
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PLSS  Optimization  Study 

Ventilation  Flow  Rate  V8  Metabolic  Load 
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PLSS  Optimization  Study 

Required  Fan  Pressure  Rise  vs  Metabolic  Load 


440 


:■■;.*# 


300 


^200 

i 

tali* 

flc 

I 


o 

I- 

2    100 


■ 

/ 

^ 

- 

y 

y              ",■■■'  ''■'j 

*'..l 


10 


20 


30 


PRESSURE  RISE  ACROSS  FAN  (INCHES  OF  WATER) 


Figure  10 


PLSS  Optimization  Study 

Motor  Power  as  a  Function  of  Fan  Pressure  Rise 
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Ventilation  Flow  vs  Corrected  Pressure  Drop 
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T*  C.  SfcorA 

Chief,  Life  &  Bnylronaental  ayitaas  Section 

Advance  Space  Technology 

Douglme  Alrczaft  OoagpanQTy  Inc. 

J.  D.  Leshko 

Aexo-Spaee  TeehnologlBtj  i^pace  Station  Stufly  Office 

Manned  Spacecraft  Center 

national  Aexonawtlei  and  Space  Adadnlatratlon 

'''•*■     SOtMIOr  .-:»'.^  vKfjja*  ■ 

Recent  etudlu  for  both  large  and  saall  apace  laboratorlee  hare  provided  a 
fund  of  InfozMitlon  and  deelgn  data.  Ibis  paper  presents  an  evaluation  and 
the  selection  of  a  life  stq^port  and  envlronsental  control  systca  for  a  large 
"aero  g"  space  research  laboratory  that  is  capable  of  si^portlng  jsan  and 
oqfiljmaat  tor  one  to  five  years  vlth  rest^pply. 

A  conditioned  shirtsleeves  envlroment  of  70^  teaperatore  and  7  pala  pres* 
sure  Is  nozaally  provided  to  all  ccspartaents  and  to  the  hangar  area  during 
the  loading  and  unloading  of  exploration  and  logistic  vehicles. 

Ihe  life  support  and  envlroiiental  control  systen  veli^t  Including  fixed 
vel^tt  and  consuaables  Is  approodjaately  36,000  pounds. 

Introduction 

Becent  studies  for  both  large  and  saall  space  laboratories  have  provided  a 
fund  of  InfOzwitlon  and  design  data.  A  typical  "fost  1968"  research  lab-  ' 
oratoxy  Investigated  and  shown  In  flgnx«  1  was  33  feet  in  dlaaster  and  100 
feet  long;  launched  by  a  t«o  stage  Saturn  C-5  (S-IC  and  S-II)  Into  a  260  n.al. 
circular  earth  oxblt. 

Ihla  Muoned  ozbltlng  research  laboratoxy  laost  be  provided  a  life  support  and 
envlroMwntal  control  syst«i  (LS/bcs)  to  support  the  2k  aan  crev  coHplownt 
and  to  condition  laboratoxy  efuliaent.  rigure  2  presents  a  functional  block      >i) 
dlagzsB  of  the  subsystoss  required  to  accosqpillsh  the  life  support  and  en- 
vlrooMntal  control  task,  these  std>systesM  provide  the  follovlng  functions: 

o  Ataospherlc  SiQply  and  Pressurlsatlon 

Storage  and  dallvexy  of  lU  and  Og  for  rqplenlshBent  of  leakage    ' 
loeaes  and  stonsge  of  0.  and  regeneration  of  0^  for  aetabollc 
revilrosents. 
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o    Ataospherlc  Oondltlonlog  andy Purification 

HoBidlty  control  and  C!0„,  trace  contaminant  and  particulate  reaoval 
and  px«8Bure  sxiit  conditioning* 


o    Thexao-Oondltionlnf; 

TeaperatTire  control  of  the  conpartmtints,  pressure  suits,  and 
equipment;  heat  source  for  water,  food  heating,  OOg  silica-gel 
hed  desoxption  and  urine  recovery* 

o    Uater  «uid  Waste  Manageaent 

Storage  and  supply  and  reclamation  of  water  from  urine,  perspired 
and  escpired  water,  treatment  of  fecal  wastes* 

Figure  3  shows  the  general  location  of  the  major  life  stqpport  and  environ- 
mental control  equivalent.     Since  most  of  the  crew  Bwiibers  aure  usually  in  the 
crew  quarters  and  laboratozy,  location  of  a  life  axxpport  system  in  each  of 
these  conpartments  pexnlts  convenient  acceaslbility  and  minimizes  distribution 
.    power  requirements.     In  addition,  the  half-Bystems  are  located  in  two  separate 
pressure  vessels  in  case  of  a  fire  or  other  emergency*     nils  is  considered  to 
be  an  extremely  remote  possibility*     Figure  k  presents  a  laboratozy  cross 
section  that  shows  the  relative  location  of  a  half -system  and  the  distribution 
ducts  routed  -Uirough  the  central  traffic  tunnel*     Tvelve  pressure  suit  stations 
are  available  that  each  has  unbllicals  to  atqiport  six  men*     Bach  pressure 
suit  station  can  operate  either  Independently  or  with  the  cabin  atmospheric 
conditioning  and  purification  subsystem* 

Tt»  dasign  conditions  together  with  the  trade-offs  and  a  proposed  integrated 
subsystem  preliminary  design  are  presented* 

Design  Oonditions  and  Assutgrtions 

Coa^lete  redundancy  of  all  life  stqpport  and  environmental  control  equljnent  is 
provided.     Bach  of  two  half  systems  normally  sttppozts  12  men,  but  each  has  the 
^^  design  capability  of  supporting  the  entire  24-man  crew.     In  addition,  12  space 
suit  stations  axe  provided  that  each  will  acconmodate  six  men* 

'^:.^.  Other  design  conditions  and  assuniptlons  are  stmnarized  below* 

•' -  Mission 

Mission  Duration  1-5  yecurs 

^  Ortltal  Altitude  260  n*  mi* 

Initial  LS/bcS  Supply  180  days 
Resizpply  Period  90  days 
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Vehicle 


( 

Preeeure  Coopartment  Volunes 

Laboratory 

20,090  ft^ 
17,130  ft^ 
13,970  ft^ 
2U,900  ft^ 
2,230  ft^ 
600  ft^ 

Crew  Quarters 

Storage 

Hangar 

Central  Tunnel 

Airlocks 

Total 

78,920  ft^ 

'*■   Leakage  Rate 

17  lb/day 

Atnospherlc  Faraneters 

Tenperature 

70  +  5°F 

Total  FressTire 

7  p?ia 

Oxygen  Bartlal  Presstire 

3.5  pela 

Diluent 

Nitrogen 

Carbon  Dioxide  Bartlal  Pressure 

0.1^  psla  maximum 

Relative  Humidity 

35  to  30i> 

Grew 


Crev  Slse 

Noxnal 
Bitergeney 


2k  men 
36  laen 


Metabolic  Faraneters 

Oiygen  Consumption 

Carbon  Dioxide  Out^put 

Water  Consumption 

Wash  Water 

Urine 

Metabolic  Water 

Respiration  &  Perspiration 

Water  In  Fecal  Output 

Fbod  Intake 

Heat  Output,  Latent 

Heat  Output,  Sensible 


Elect  rlccd 


Electrical  Heat  Load 

Voltage 

Power  Penalty 


f-' 


?*^M',i^'f'' 


1.9^  Ib/nan/day 
2.12  Ib/man/day 
6.16  Ib/man/day 
itO.OO  IbAnn/dcQr 
3.  In  Ib^an/day 

0,67  Ib/nan/day 
3.20  lb/man  day 
0.33  Ib/man/day 
1.30  Ib/man/day 
3,31+0  btu/nan/day 
7,860  btu/man/day 
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Aimnniurvlc  acmply  and  PreaBuritatlon  QvlbByvUm 

I- 

TbB  ataospherlc  maogplj  aad  pressurlzatlon  subsystea  provides  the  storage  and 
dellvezy  of  ^  aid  0.  fior  replenl8h«ent  of  leakage  losses  together  vlth  stor- 
age at  On  and'^regenaSation  of  0.  fxcn  expired  00^  for  netabollc  req^ilreaents. 
Alao  inonded  ar«  the  leek  det^ion  and  alrloekThangar  decoapresslon  units. 

The  discussion  of  ateoepberle  supgdor  and  pressurlzatlon  subsystea  seleetloo 
and  operation  toeether  vlth  the  panoMtrie  trade-off  analysis  and  evaluation. 
Is  given  below. 

Selected  Subqrsten 

A  conblnied  «ysteai  consisting  of  subcrltlcal  storai^  of  oxygen  and  nitrogen 
and  Bosch  ooygen  rcgeneratlcHi  Is  recoanended  for  the  laboxatoxy  ataospherlc 
simply.     Trade-offs  shoim  In  figure  ^  Indicate  that  oxygen  regeneration  is 
cutvantageous  for  alssloos  Imger  than  3  nonths.     Furtheznore,  the    resupply 
penal^  is  reduced  ly  apprarijn,tely  16,000  lb/yr« 

Subcrltlcal  storage  of  oxygen  and  nitrogen  was  selected  hecause  It  Is  dearly 
the  llj^itest  in  velgbt,  as  Indicated  In  figure  6.     Test  results  in  the  last 
two  years  for  space  application  have  indicated  no  iMjor  pr^blens  vlth  sub- 
critical  storage.     A  cooqparlson  of  najor  advantages  are  listed  below: 

o    Subcrltlcal  Storage 

Ilcjbter  vel^^ 

SliQiler  transfer,  filling  and  top-off 
o    St^ereritical  Storage 

Operational  and  proven 

Slapler  to  aeasure  quantity  in  tank 

Less  pluid>ing  required. 

The  Bosch-type  regeneration  unit  is  proposed  for  0.  recovery  because  it  is 
considered  the  farthest  along  in  developaent  and  xftovides  the  least  overall 
vel^it  penalty.     A  flow  dlagian  of  this  unit  is  given  In  figure  7.    The  najor 
conponents  are  the  reactor,  carbon  collector,  heat  exchanger,  condenser- 
separator,  and  water  electrolysis  cell. 

m.       ■_         '■'  '■  S:..    ■  ■■■■■ 

Atnoephertc  Storage  Sribgystesw  Integration 

Figure  8  is  a  schenatic  for  the  storage  system.  It  includes  subcrltlcal 
storage  of  nltrogoa  and  osygen  and  provision  for  compressing  and  storing  rel- 
atively saall  qnantltiee  of  hl^^-pressure  gas  used  fbr  charging  backpacks  and 
nitrogen  used  for  refilling  fire  extinguishers.  PressurlBed  nitrogen  is  also 
supplied  to  water  storage  tanks,  reservoirs,  and  accunulators  tc  provide 
positive  expulsion  for  zero-g  delivery.  Three  oxygen  tanks  and^two  nitrogen 
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tanks,  of  appxarlaately  3  ft-dlaB«ter  each,  are  adeqiuate  to  replenish  predicted 
leakage  losses  and  to  provide  aoke-up  netabollc  oxygen  for  l8o  days. 

Ibe  ojiygen  and  nitrogen  bolloff  mist  be  veated  lAien  it  exceeds  the  design  use 
rate,  and  hence  represents  vested  gas.  A  practical  design  lialt,  vhere  in- 
sulation does  not  beccne  prohlbltiTe,  is  a  design  use  rate  of  one  pound  per 
day  per  tank,  idiich  is  veil  holov  the  predicted  use  rate  neeessazy  for  leakage 
r^enishaent  and  netabollc  oocygen  sunlay.  Design  for  a  lower  boiloff  rate 
than  use  rate  allows  a  savings  in  venting  losses  if  the  17  pound  per  day  leak- 
age estimate  is  higher  than  actual  leakage,  or  if  crew  sise  is  less  than 
design.  ISie  electrical  power  or  waste  heat  requiz«d  amounts  to  only  about 
ooe  watt  for  each  pound  per  day  delivered  above  the  design  use  rate. 

Figure  9  shows  a  scheaatic  of  the  atmospheric  storage  and  distribution  system 
jrlthin  the  vehicle.  The  tanks,  located  In  the  hangar,  mlnlalBe  boiloff  during 
resxxpply.  Oxygen  and  nitrogen  are  fed  as  needed  into  the  atmospheric  supply 
ducts  to  the  several  pressurised  compartments.  Gocygen  can  be  supplied  upon 
demand  to  each  of  the  twelve  space  suit  stations.  Nitrogen  can  be  supplied 
to  positive  ejgpulslon  systosa  within  storage  tanks,  and  to  fire  extinguishers. 
An  extra  tank  of  sviberitlcal  oxygen,  not  shown  in  figures  8  and  9,  is  located 
in  the  storage  ccerpartment.  This  supply  can  be  used  for  noznal  operation  but 
also  provides  the  last  five  space  suit  stations,  8  to  12,  independootly  of 
the  primary  source  located  In  the  hangar.  This  strpply  would  be  available  if 
an  explosion  should  occur  in  the  hangar  area  and  the  crew  was  required  to  wait 
for  a  rescue  vehicle  to  dock  to  the  external  port* 

and  Airlock  Pumpdown 


During  loading  and  unloading  operations,  a  7  psia  cOilrtsleeve  environment 
win  be  maintained  in  the  hangar.  At  other  tiam,   1.0  psia  will  be  provided 
to  minimize  leakage  and  to  allow  storage  Of  the  logistics  and  exploration 
vehicles  for  extended  time  periods.  As  indicated  in  figure  10,  puapdown  is  , 
desirable  for  sore  than  four  logistics  operations*  ' '' 

She  hangar,  whan  pressurised  to  7  P>la,  contains  approximately  l,Ol|0  lb  of 
atmosphere.  Sxpenditure  of  this  q:Qantl-t7  of  air,  even  once  evezy  90  days^   ; 
presents  a  significant  weight  penalty.  Therefore,  provisions  were  made  f^r  : 
pumping  and  high  pressure  storage  of  the  hangar  atmosphere.  Punplng  the 
hangar  atawsphere  back  Into  the  crew  pressurised  eoiQartments  would  raise  the 
cabin  pressure  and  might  introduce  haxmfui  contaminants.  Fros  tha  vlei^ints 
of  crew  safety  (toxicity)  and  eiq^rlmental  control,  neither  of  these  conse-  : 
qiuences  was  considered  tolerable.  The  puapdown  unit  is  di^ven  by  a  ^  HP 
motor.  The  unit  may  also  be  utilised  for  airlock  evacuation.  J^roximately 
11.8  days  would  be  required  to  puB(pdown  the  hangar  to  0.1  psia.  At  this  final 
pressure,  only  1$  lb  of  atmosphere  need  be  exhausted  to  space.  The  airlock 
and  hangar  pumpdown  system  Is  shown  in  figure  11. 
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A  inHMzy  ot  tbm  \m\agiB  criteria  and  aasuvtlons  for  LORL  ax«  talnilatad  ba- 
lovt 

1— kaga  aocgce  Orflar  of  Mmoltuda 

HRtchea  and  bsngar  door  7  x  lO'^  Ib/day/ln.  (7  pol*) 

Metaorold  pMMtvatlOfna  Ooaplete  losa  of  the  ataofphara 

In  ona  praasurlsad  eoapartaant 
vhan  junetursd 

,,       KLaetrleal  Iwda  lO''^  Ib/dagr/la.  (nagllgllila) 

O-rlng  aaals  (rcipiUcaabla)  lO"^  Ib/daQr/ln.  (nagllglbla) 

lUvaa  IX)'^  Ib/diy/^naTO  (iMeIl«lblo) 

San  and  ^Inta  (veldad)  10*^'^  Ib/dty  (nagllglbla) 

mffualoa  througji  Triilela  skin  10*^  lb/day  (negllglbla) 

Iha  only  laalraaa  that  Is  coosldarad  appraelabla  la  -^t  througb  taatotaaa  or 
baii0ar  aaals  and  ttaroug^  bolaa  eauaad  bgr  netaorold  panatratlona*    Ihe  aaauaad 
aaal  laakage  (7  x  lO'^lb/day/lo)  la  baaed  on  MIL  STD  S-8U8U  for  gaaketa.    Tba 
■ataorold  panairatlon  laakaga  aaataqptlon  of  eoaqplata  loaa  of  the  attaoaihara  In 
a  pgaaaura  Taaaal  per  puncture  la  considered  to  ba  quite  eonaarmtlva* 

Baaed  on  tha  abova  criteria,  total  vahlcle  laakaca  la  eatijaatad  to  ba  tg/proaL- 
laataly  17  Ib/daor,  of  lAilch  1».75  Ib/dagr  la  due  to  aaal  leakage  and  32.25  lb/ 
dagr  alloaad  for  back-up  In  the  erent  of  inadvartant  leakage  or  a  aarlous 
■ataorlta  puncture.    Oonaldarable  oiygen  and  nitrogen  abould  be  avallabla  to 
sajplMent  the  90-dagr  raaanre  If  the  leakage  la  laaa  than  17  Ib/dagr. 

leak  petectlon 

Sepftzate  datectlon  la  provided  for  laaka  eauaad  by  ■etaorolds  and  hy  failura 
Of  cabin  aaala*    Bach  cabin  aaal  la  ■onltored  aepazately  bgr  an  axtamal  aensor 
to  assure  seal  affectlTenaas.    If  tha  seal  falls,  raplacwwnt  vlthout  cabin 
decoapresslon  Is  aade  possible  bir  •  dual  seal  arvangaaent.    OaHpartBent  leak- 
age la  deteetad  bgr  the  aonltorlng  of  tha  nitrogen  flow  froai  the  avgpply  ayataa. 
A  change  In  avqpply  rata  orar  a  algnlflcant  period  of  tlae  Indloataa  the 
preaence  of  aaall  leaka. 


Craw  Safe  Tljae  ,  41 .  s2<  ;^^|.ft;e .  ^o-V'^^ma^'!!: 

Doa  to  a  ■ultl-praaaure  vaaael  concept,  the  need  to  rapidly  refpraaaurisa  angr 
one  coBQartawnt  la  unlikely.     Jn  addition,  dacaqprasalon  of  large  TOluaaa  la, 
in  aoat  eases,  alov.    Oonsaq>iently,  eonaidexable  tlaa  for  correctlTC  action 
la  available.    Figure  12  indicates  the  decovreeaion  tlaa  to  the  crew  danger 
point  (i.e.,  irtien  oiygen  partial  preasure  fialla  to  2,k  pola)  aa  a  function  of 
pressure  vessel  voluae.    Fbr  the  crev  qioarters  coavartaMnt  (approxlaataly 
17,000  cu.ft*),  aLaoet  three  houra  are  available  even  In  the  unlikely  event 


?':'S-:^'^^;'Si#-:^---.^      450'^' 


•3J^;.v***;W.^•$fe^^^i>£s■^i%i^^4s> 


ot  a  taalf-lnch-dlaaeter  penetration.  Daring  this  time,  the  crew  nay  don 
preasure  suits  or  transfer  to  alternate  pressurized  coupartnents. 

When  a  leak  is  repaired,  repressurizatlon  directly  fron  the  subcritical  *'^«Vff 
■ay  be  accoaipllshed  slowly  at  a  alnlnuiB  power  drain.  Itor  the  17,000-cu.ft. 
crew  quarters  cooqpartnent,  1  kw  of  power  is  x«q:ulred  to  repressiirlze  in  l6 
hours  for  the  eztrene  ease  of  a  near-tero  pressure  to  7  psia. 

!nbe  large  voluaws  of  the  LORL  pressurised  cantpartaients  provide  a  safegueurd 
against  catastrophe  due  to  oiygen  supply  systea  failure.  Figure  I3  indicates 
the  safe  tloe  after  supply  shutdown  as  a  function  of  pressure  vessel  volune 
and  the  nuniber  of  crew  nestbers.  Even  if  the  entire  2^-iiian  crew  is  located  in 
the  crew  quarters  coopartaent,  more  than  ^3  hours  are  available  for  corrective 
action.  Hbe  capability  of  each  of  tbe  two  oxygen  regeneration  units  to  air- 
port the  entire  S^^-nan  crew  further  Increases  safety  and  reliability. 

Atmospheric  Conditioning  and  Purification  Svibsystem 

The  atanspheric  conditioning  and  purification  subsystoa  provides  hualdlty  con- 
trol and  caxbon  dioxide  removal  together  with  monitoring  auid  removal  of  hamiful 
trace  eontaalnants  that  nay  be  generated  by  the  crew  and  equlisient.  Discussion 
of  the  pressure  svilt  loop  Integration  is  Included  in  this  section. 

Ataospberic  conditioning  and  purification  subsystem  selection  and  operation 
and  the  paranstric  trade-off  euialysls  and  evaluation  is  discussed  below. 

Selected  Subsystem 

Figure  \k  shows  the  conrponent  arrangement  and  flow  paths  for  one  pf  the  two 
identical  atmospheric  purification  units. 

The  major  conponents  included  in  each  unit  are  a  condenser  and  wick-type  water 
separator  and  silica-gel  for  humidity  control,  a  pair  of  molecular  sieves  for 
carbon  dioxide  removal,  and  a  cateQytlc  burner  for  trace  contaminant  control. 
Also  Included  are  a  debris  trap,  charcoal-bed  odor  reaaover,  chemisorbent  bed, 
fine  filter,  and  ultraviolet  li^ts. 

Investigation  of  carbon  dioxide  removal  units  indicates  that  a  molecular  sieve 
type  unit  Is  the  furthest  along  in  development  and  is  proposed.  However,  there 
are  several  draVbaoks  to  this  system.  Moleciilar  sieves,  or  seolite  beds,  have 
a  preferential  affinity  for  water  over  00.,  irtilch  hecessitates  that  almost 
absolutely  dry  air  enter  the  beds.  Sill»-gel  beds  used  upstream  of  the  nol- 
ec\ilar  sieves  have  a  large  Influence  on  the  LS/ec  system.  It  requires  a    ^g, 
eonixromlse  In  the  subsystem  design  and  eoaqallcates  the  subsystem  valvlng  and 
control  systems.  A  nonmolsture-sensltlve  00-  absorber  vould  simplify  the  CO- 
removal  system,  increasing  reliability  and  allowing  more  flexibility  in  systea 
design.  A  solid  amines  absorber  being  tested  shows  sane  promise.  Desorptlon 
of  a  solid  sfflines  absorber  req^iires  heating  at  ITO^'f  and  evacuation  to  2^  am  Kg 
abs.  The  total  penalty  eoBQiarison  between  00-  removal  units  Is  given  in  fig- 
ure 15. 
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figure  l6-8boira  that  either  ataospherle  purification  tmlt  Is  eajiable  of  supply- 
'log  all  presaurlBed  coapartaeats  and  airlocks.  In  addition,  the  aft  unit  Bay 
directly  suppqrt  the  hangar  lAlle  the  fOrvard  circuit  supports  the  rest  of 
the  Tdilele  during  loading  and  unloading.  Due  to  the  possible  Introduction 
'  of  hazaful  eontawlnants  fron  the  logistics  vehicles,  it  Is  not  considered  ad- 
Tlsahle  to  alz  theire  two  "air"  streans.  Additional  catalytic  burners  are 
proTided  in  the  ihangar  to  reduce  this  contaalnant  hasard.  ^   . 

lahoratoiy  ataoaphere  aonitoring  is  provided  by  a  gas  ehroaatograph  and 
quadrupole  aaas  speetrameter.  'Sb»  gas  chrcnatograph  is  used  for  periodic 
saipJIng  of  the  aajor  ataospherlc  constituents  and  critical  eontaainants;  the 
spect roaster  is  used  for  greater  sensitivity  in  identifying  any  uitknown  con- 
tamtnanta  that  appear  in  the  ataoaphere. 

If  the  eax1ion-diiD9d.de  renoval  system  malfunctions,  figure  17  indicates  that 
approxlaately  11  hr  are  available  for  corrective  action,  even  if  the  entire 
crew  is  located  in  the  crew  quarters. 

Pressnre^^uit  Integration        '  ^^y^ 

Itoder  certain  nodes  of  noznal  and  emergency  operation,  the  crew  must  use 
pressnre  suits.  Life  sixpport  baelgpaeks  are  eJ.so  required  for  additional 
protection  iihen  tasks  are  perfozned  in  remote  laboratoxy  locatlms. 

Tignre  18  Illustrates  the  reconnended  method  of  pressure-suit  integration  into 
the 'vehicle  LS/KS.  fhe  stilt  loop  shown  has  its  own  fans  fbr  circulation, 
condenser  and  vatar  sepazator  for  temperature  and  huaidity  control,  an  acti- 
vated charcoal  filter  for  odor  reaoval,  control  systoms  and  suit  connections. 
Bach  loop  can  operate  either  independently  or  with  the  cabin  ataospherlc  con- 
trckl  and  purification  subsystcsu  Uie  suit  loops  operate  independently  by 
rteireulatioa  of  100](  oxygen  and  leakage  of  a  controlled  amount  fereaxbon 
dloaddo  partial  pressure  control,  fhls  leakage  rate  is  approadBately  1.5 
Ib/aan^.  Under  noraal  operation,  the  bleed  mode  allows  Independent  operation 
of  each  sxiit  loop  without  extra  carbon-dioxide  roaoval  units.  This  systaa 
provides  baekctp  sifpport  to  the  cabin  LS/lCB  during  aaergenoiesj  the  baelqpaek 
systMi  Bay  be  iaved  for  an  extraas  saergeney  situation,  such  as  rescue.  Ihe 
ijTitesi  has  been  designed  to  aecoaaodate  the  Apollo  spacesuit  and  baelqpa^k. 

thexmo-Oooditioning  Suibaystaa 

Oo03.1ng  is  proTlded  to  raaove  the  astabolle  heat  of  the  ersw,  heat  generated 
by  the  life  support  eqinlpaiut  and  eleetronie  eqyljaent,  and  heat  generated  by 
the  radioisotope  heaters.  Ooftllng  is  also  provided  for  water,  food  and  ex- 
perlaental  apparatus.  Haatlng  is  required  fbr  water,  food,  operation  of  the 
eaxton-dloxide  r—ival  units  and  water  xecovexy  units,  and  for  axperlaenta. 
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Figure  19  shows  that  22  sheets  (l/2  inch  thickness)  of  high-perfonnance  In- 
sulation Is  required  to  maintain  the  internal  vail  temperature  ahove  65°F 
defNpolnt  for  the  anticipated  values  of  solar  absorptivity-long  vave  emisBivlty 
ratio  (a/g,  ),  and  internal  heat  transfer  coefficient  (h  ).  The  thickness  of 
foam-tjrpe  insulation  necessary  for  internal  wall  tentperSture  control  would  be 
prohibitive  for  the  zero-g  LORL.  Figure  20  presents  the  heat  loss  from  the 
vehicle  to  space  for  l/2  inch  of  HPI. 

Space  Radiators 

The  space  radiators  consist  of  paredlel  rows  of  tubing  mounted  on  U-lnch  ,     4;^ 
centers  inside  the  load-carrying  structure.  Every  other  row  of  tubes  is        §{ 
utilized  for  active  heat  rejection;  rows  in  between  are  available  for  backup. 
For  the  expected  average  fluid  temperature  in  the  radiators  (QO  F),  approx- 
imately 60  sqi-ft  of  z«tdiator/kw  of  heat  rejection  is  required  as  shown  in 
figure  21  for  the  selected  configuration  2.  The  internal  heat  load  from  the  ;. -/y.; 
crew  and  equipment >  33*3  ^>   less  the  coorputed  loss  through  the  vehicle  wall  ->  ^fj-^I^j' 
of  about  0.7  kw,  results  in  a  net  heat  rejection  load  of  32,6  kw.  The  result*r,Yi^T!. 
Ing  radiator  area  is  approximately  1,950  sq-ft.  OwSmI' 

...'■■     •yn  i-'U-  fM^ 
Location  of  the  mdlator  tubes  as  shown  in  configurations  2  and  3,  requires  a 

larger  nunber  of  tubes  and  area,  but  penults  better  accessibility  emd  nearly ,  ;,^j,^,jy'i) 

four  times  the  meteorite  protection  as  coBtpared  to  mounting  to  the  inner  side'^i^i.^^ 

of  the  external  skin  (configuration  I).  .  ',  Vj' 

Redundancy  In  radiator  clreultxy  and  pumops -is  considered  necessary  because 

the  safe  time  to  the  crew  danger  point  after  pump  fall\ure  or  loss  of  coolant 

is  quite  limited.  If  all  24  men  are  located  in  the  crew  pressvirized  compart- .^>^,|, 

ment  and  the  equipment  heat  load  is  8  kw,  less  than  22  minutes  are  ave(llabl,(s  ;  T  ~  ^  r 

before  an  effective  temperature  of  90  F  Is  exceeded.  ; ,  ;  aV».*'.>" 

CoollDg  euid  Heating  Loops  ^  ^- ^  '■•'-.;;■■■.. ;-a|-f' 

The  reconnended  method  of  cooling  and  heating  is  by  providing  two  separate  r^^a-^itf/ 
loops,  as  indicated  in  figure  22.  In  the  cooling  loop,  FC-7?  fluid  is  pumpedl^^^^^^^^^ 
througE  the  various  components.  The  heat  absorbed  is  then  rejected  to  space 
by  the  radiator.  The  major  advantages  of  FC-75  are  its  low  freezing  point    :  ^f.' 
(-80  F)  euid  Its  high  dielectric  constant;  the  latter  makes  it  suitable  for      ^^s; 
direct  use  in  electronic  equlpnent.  The  heat  required  in  the  life  sizpport  sub'^^f^ 
systea  Is  supplied  by  two  Promethlum  l47  Isotope  heaters,  each  vlth  a  thermal  '^M  ' 
capacl-ty  of  1.^  kw.  This  Isotoplc  beat  source  saves  1,0^  pounds  and  3.5 
mlllloQ  dollars  over  electrical  heating  frob  a  solat  eell-battery  system. 

Water  juad  Waste  Management  S^feBystem  "■ .;  r:^  .r...vva7j;t.:;  i-'i'ii:i'i::\   :.'-j;',  ,.v*:$s;:;  ■ 

The  Hater  and  waste  management  subsystem  provides  for  collection  of  urine  and    ||::,' 
feces;  reclamation  of  wash  vater,  atmospheric  condensate,  and  water  from  urine;   ;>] 
storage  and  distribution  of  potable  water.  A  simplified  block  diagram  of  the    ^ 
vater  reclamation  unit  half  system  is  shown  in  figure  23.  Two  Identical  units  ,.^„^^( 
are  provided;  each  consists  of  two  separate  purification  paths,  one  for  urine  ^^ 
and  the  other  for  wash  water  emd  condenaate. 
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If  electrical  power  is  vised  for  heat  at  k^O  Ib/kw  peneaty,  the  air  evaporation 
and  electrodialysis  recovery  unite  for  urine  appear  conpetitive.  However, 
the  utilization  of  isotope  heaters  at  100  Ib/kw  penalty  made  the  air  evapor- 
ation unit  Bore  attractive  as  shown  in  figure  2k, 

The  type  of  urine  reclaaation  unit  selected  was  air  evaporation  which  uses  an 
onboard  radio-isotope  heat  source.  A  pre-treatment  agent  is  added  to  the 
vurine  prior  to  introduction  into  the  wick  evaporator  of  the  reclanation  unit. 
.The  unit  has  a  recirculating  air  strean  which  evaporates  the  water  fron  the  ■■•'' 
wicka  and  carries  the  water  to  a  condenser.  The  entrained  water  is  collected 
emd  punped  through  a  mlllipore  filter  and  by  untravlolet  lonpy. 

Wash  water  and  atiaospheric  condensate  is  processed  by  a  simpler  system  which 
Includes  a  dust  filter,  mixed  ion  exchange  and  charcoal  bed,  a  mlllipore 
filter  and  untravlolet  lamps. 

£^  both  cases,  a  bacteria  cxilture  test  will  be  made  before  the  water  is  de- 
clared potable.  This  necessitates  holding  the  water  in  test  tanks  for  Zh 
hours  prior  to  transfer  to  potable  tanks.  If  necessary,  the  water  in  the 
tank  may  be  recirculated  through  the  reclamation  unit.  A  three-day  emergency 
supply  of  drinking  and  food  reconstitution  water  will  be  maintained.  Pro- 
visions are  provided  for  the  circulation  of  wash  water  and  condensate  throiigh 
the  urine  reclamation  path. 

Fecal  waste  collection  takes  place  in  an  enclosed,  but  vented/  canode  con- 
partment.  A  blower  is  utilized  to  pull  cabin  air  through  vents  Into  the 
coiBiiode  coorpartment,  euid  thirough  a  pexneable  plastic  bag  which  passes  gas, 
but  not  liquids  or  solids.  The  airflow  helps  direct  feces  into  the  bag  emd 
conducts  gases  through  mlllipore  and  activated  charcoal  filters  for  odor  re- 
moval. After  defecation,  the  bag  is  sealed  and  placed  in  a  heating  unit  that 
dehydrates  the  feces,  drives  off  gases,  and  kills  bacteria.  The  gases  and 
distilled  fecal  water  are  vented  to  space.  Several  connode  designs  were 
reviewed  and  none  found  acceptable. 

Figure  2^  Indicates  the  collection  and  distribution  paths  of  the  waste  and 
water  management  subsystems.  As  with  the  atmospheric  control  euid  purification 
subsystem,  each  of  two  separate  units  is  capable  of  supporting  the  entire 
2lf-fflan  crew. 

The  Turine  collection  device  selected  is  a  centrifugal  urinal  that  uses  a 
small  vaneless  Impeller  driven  by  a  spring-wound  motor  to  force  the  urine 
through  a  check  valve  Into  the  temporazy  storage  tank. 

Oonclusiotis  quad  Recoamiendations 

The  results  of  the  life  s\q^port  auad  environmental  control  system  study  were 
used  to  select  subsystems  tailored  for  usage  with  the  LOBL  configuration. 

Study  indicates  that  the  LORL  configuration  penults  slmpHcily  in  design  and'**^  **^ 
considerable  time  for  some  equipment  "off  cycles"  and  for  corrective  action 
in  case  of  failure.  Considerable  time  is  also  available  to  take  corrective 
action  in  the  event  of  a  meteorite  puncture  or  to  locate  an  Inadvertent  leak. 

'  '■   '  ■    ■■•'";;<■'"■'"'''■,"■'   •■■■';'  '^v  "_J'''^:   '"  .'    -     ■  ■■■■"  'iiiMX  t'^'it-     '  .■^■■-:-'  '        '_.'-i.''   ■■'''    .'■'   -  ,'  '  ^V'" 
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A  review  of  the  najor  subsyBtems  selected  for  LORL  is  given  below: 

Atmospheric  Supply  and  Pressurization 

o  A  fioseh  oxygen  regeneration  unit  and  suhcritical  storage  of  oxygen 
and  nitrogen  has  been  selected  lor  the  atmospheric  supply  system. 

o  Hangar  and  airlock  decompression  is  obtained  by  utilizing  a  U  hp 
conpressor/vacuum  pionp  combination  and  high  pressure  gas  storage 
in  tanks. 


^:' 


0    Leak  detection  is  provided  by  monitoring  the  use  rate  of  the 
nitrogen  supply  and  by  individual  seal  sensors. 


Atmospheric  Conditioning  and  Purification 

o  A  condenser  and  wick-type  separator  and  silica  gel  are  used  for 
humidity  control,  a  pair  of  molecular  sieves  for  CO2  removal  and 
a  catalytic  burner  for  trace  contaminant  control.  Also  Included 
are  a  debris  trap,  charcoal  bed  odor  remover,  chemisorbent  bed, 
•  :S'}:'.        fine  filter,  and  ultraviolet  lights. 

:   o  Twelve  space  suit  stations  are  provided  with  umbilicals  to  accommo- 
date six  pressure  suits.  Each  station  can  operate  utilizing  the 
cabin  atmospheric  control  unit  or  can  operate  Independently. 

o  Laboratory  gas  monitoring  is  provided  hy  a  gas  ehrooatograph  for 
periodic  sanpling  of  the  major  atmospheric  constituents  and  a  mass 
spectrometer  for  identification  of  trace  contaalnants. 

Thermo -Conditioning 

o  Space  radiators,  1,9^0  square  feet  in  area,  are  utilized  to  reject 
the  laboratory  heat  load  of  about  33  kw.  FC-75  beat  transport  fluid 
is  puDped  directly  through  equipment,  and  cabin  heat  exchangers  for 
transport  of  heat  to  the  radiatcrs. 

o  Isotope  Ivsaters  are  provided  for  food  and  water  heating,  for  the 
reclamation  of  water  from  urine  and  for  COp  ramml  unit  deeorptlon. 
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Waste  tuad  Water  Management 

o  An  air  evaporation  unit  is  provided  for  reclamation  of  water  from  urine. 

o  Wash  water  is  recovered  by  utilizing  mixed  ibn  exchange,  filters,  and 
ultraviolet  lamps. 

"  ,  o  Urine  eolleotion  is  provided  by  a  urinal  that  uses  a  small  vaneless 
impeller. 

to  Bich  comode  conpartnent  has  an  individual  ventilation  blower  and  odor 
:■       control  unit. 
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IThe  overall  wel^^t  penalty  of  the  IS/KS  Is  shown  In  figure  26.  Tor  an 
Initial  supply  period  of  l80  days,  systen  velgbt  Including  fixed  vel^^t  and 
consxanables  Is  approzljately  96,000  pounds.  Included  In  the  fixed  velght 
are  all  LS/SCS  eq^ilpaent,  voxklng  and  xtaKcv  fluids  (e;g*,  water,  coolant), 
and  the  Initial  ataosphere  charge.  The  consumahle  vel^t,  apprcndjaBitely 
65.5  lb/day.  Includes  food,  BBkeiqp  nitrogen  and  oiiygen,  and  e^g^endables 
necessazy  for  vater  reelaBatlon,  ataospherlc  purification,  and  vaste  aanage- 
Ment. 
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SPACE  STATIONS  AND  8PACK  CABIN  TESTING 

Richard  A.  PaasmAn 
Carl  R.  Cording 
'  General  Electric  Company     . 
Philadelphia,   Pennsylvania 

For  Earth  Orbiting  Space  Stations  neither  expandable,  extensible,  nor 
coBverted  propellant  tanks  appear  as  suitable  for  manned  operations  as  a 
specially  designed  cabin  regardless  of  the  mission  to  be  performied.    While 
an  intereating  possibility,  use  of  converted  propellant  tanks  offer  little  ad- 
vantage when  viewed  in  the  light  of  the  overall  space  station  systena  problem. 

IXiring  Uie  past  two  years  studies  have  b«en  conducted  in  some  depth  of  the 
cabins  associated  with  space  station  systems  suitable  for  launch  by  Titan  III  C, 
Saturn  IB,  and  Saturn  5  boosters.     These  studies  have  considered  various  crew 
ca«aplements,  supporting  ferries,  and  the  effects  of  rotation  for  the  generation 
of  actiiicial  "G".  '''% 

Considering  the  requirements  for  integrating  power  supplies,  thermal  control, 
life  support,  attitude  control,  orbit  propulsion,  specific  mission  equipment,   ren- 
desvous,  docking,  communications,  navigation,  and  crew  creature  coniiorts,  the 
devetopment  of  an  efficient  usable  cabin  becomes  a  task  of  significant  proportions. 
Applying  the  constraints  of  removable  and  storable  equipment  to  the  fixed  simes 
IumI  shapes  of  booster  tankage  makes  the  problem  more  difficult,  the  result*  less 
than  optimum,  and  the  increased  cost  substantial. 

While  cost  is  always  a  major  consideration  in  space  system  design^  it  is 
pointed  dut  that  space  station  design  reflects  nsa^or  systems  costs  as  a  second 
order  function  only.    The  primary  influencing  factor  of  space  station  systems 
cost  is  the  e3q>ense  incurred  in  the  associated  logistics  system.     Ferry  vehicles 
and  the  boosters  required  ta  launch  thent  as  well  as  the  expense  incurred  in 
tracking  and  recovery  operations  represent  the  major  portion  of  total  systems 
coat.    Further,   since  these  costs  are  directly  proportional  to  crew  siae  an^ 
-toor  of  duty  and  since  the  cabin  must  reflect  these  considerations,  it  is  only 
•Her  a  total  resource  limit  is  established  that  a  cabin  can  be  designed.    At  this 
petat,  optimisation  of  crew  time  and  volume,  availability,  reliability,  use  of 
existing  subsystems  equipment,  and  efficient  performance  of  the  primary  mis- 
sion become  of  major  importance.     The  constraints  imposed  by  the  attempted 
uise  of  existing  tankage,  Uiereforeu  far  outweigh  the  advantage  of  maximizing  the 
l^f  ol  structure  delivered  in  orbit. 

.In  addition  to  booster  capability  and  logistics  costs  the  design  of  a  space 
Statloa  systems  is  also  quite  obviously  dependent  upon  the  mission  to  be  accom- 
ylisKisA    The  fundamentad  unknown  to  be  explored  by  any  early  capability  space 
station  is  mum's  ability  to  assist  in  the  optimization  of  mission  performance, 
.ifissions  can  be  postulated  by  the  score.    They  range  from  those  of  purely  mili- 
tary nature,  such  as  inspection  or  reconnaissance  to  scientific  evaluation  of  the 
•BVironnMot,  astroaomy,  and  others.  ^^'  ^  . 
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Examination  of  these  mieslonB  using  standard  techniques  available  provide 
sonie  basic  information  regarding  the  function  of  man  in  each.and  some  indication 
of  the  cost  versus  the  return  of  performing  these  functions  in  a  manned  versus  an, 
immanned  mode.    If  all  of  the  postulated  erew  functions  for  adl  of  the  post\ilated 
missions  are  now  grouped  by  type,  a  listing  as  shown  on  Figure  1   is  developed. 
Here  then  are  the  basic  modules  of  crew  function  which  can  in  the  gross  sense 
be  selected  and  arranged  for  the  performance  of  any  military  or  scientific  mission 
which  might  be  considered. 

In  the  same  fashion,  operation  and  maintenance  of  the  station  subsystems 
according  to  crew  function  have  been  grouped  in  Figure  2.     Here  the  crew's 
presence  has  been  considered  in  optimisation,   repair,   selection,  and  use  of  the 
station  "machinery"  to  best  carry  out  the  miission  of  interest. 

At  this  point  in  the  analysis  of  a  manned  space  system  one  should  be  ready 
to  trade-off  the  benefit  of  man's  performance  of  the  functions  above  versus  the 
cost  incurred  by  his  presence.    If  this  could  be  accomplished,  then  the  funda-., 
mental  decision  of  manned  or  unmanned  system- could  be  made  based  upon  cost, 
effectiveness,  and  flexibility.     Or  if  an  a  priori  decision  is  made  that  the  system 
is  to  be  manned  then  the  further  trade-off  of  crew  size  as  related  to  crew  functions, 
degree  of  automation,  crew  effectiveness  and  reliability  must  be  made.       . 

Unfortunately,  too  little  is  known  about  man's  performance  of  these  functions 
in  the  space  station  environment  to  be  able  to  predict  with  confidence  his  contri- 
bution to  the  overall  system  performance.     This  necessary  understanding  of  man's    '      '' 
performance  related  not  only  to  his  tolerance  to  weightlessness  but  also  to  his 
ability  to  remain  effective  while  operating  at  a  high  work  load  within  the  confines  . 
of  a  small  cabin  for  long  durations.     Considering  the  subtle  and  highly  complex 
nature  of  the  interactions  which  effect  man's  performance  and  the  difficulty  in 
developing  anal,ytical  criteria  wMlch  is  meaningful,  the  method  which  appears    ^^     . 
most  suitable  for  establishing  quantitative  rationale  of  the  relationship  of  man  """" 
to  system  appears  to  be  through  the  conduct  of  a  series  of  high  fidelity  mission 
simulation  experiments.     Intelligently  designed,  these  e3q>eriments  can  provide 
the  basic  inforniation  required  to  perform  the  trade-off  studies  necessary  for    „ 
space  system  destgn.  '^ ^         v 

'"'      In  March  of  1963  General  Electric's  Missile  and  Space  Division  recognized 
'this  need  for  a  method  of  highlighting  the  most  critical  factors  for  early  systems 
design.    As  a  result,  a  programn  was  initiated  for  the  development  of  the  equip**-'*   ,   -^ 
ment,  the  techniques  and  the  trained  team  which  are  required  to  perform  labora- 
tory simulation  programs  of  this  nature.    Seven  months  later  a  30  day  closed 
environment  test  program  was  initiated  using  a  four  man  crew  for  the  prime 
purpose  of  evaluating  their  performance  of  space  station  related  activities  over 
this  long  duration. 


r"  "  IP*. 
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In  davaloping  a  program  of  Uiiaiiatura.  it  is  nacesaary  to  r«vi«w  the 
flaramaters  involvad  which  mayrftaTe  a  aignificant  affect  tqion  man**  per- 
ICNrmance.    These  parameters  are  ehowm  grouped  in  three  mjijor  categories 
<0B  Figure  3.    Although  weightilassness  and  the  hasards  associated  with  space 
4t#i^  cannot  be  simulated,  faithfol  duplication  of  those  remaining  variables 
•Itotal  environnwnt,  duration,  and  crew  activity  can  provide  sufficient  fi- 
.delity  to  the  mission  situation  to  permit  confident  measurement  of  the  crew 
v  performance.    While  these  measures  will  no  doubt  be  somewhat  affected  by 
the  introduction  of  sero  "g"  and  fear  in  actual  flight,  the  simulation  conducted 
permits  a  much  higher  degree  of  confidence  and  understanding  to  be  implied 
in  relating  a  crew  to  a  vehicle  during  the  early  design  phases  of  system 
development. 

In  order  to  be  meaningful,  however,  a  simulation  program  must  be  struc- 
tured as  close  to  the  real  situation  as  possible.    In  all  respects  this  test  pro-'^ 
gram  used,  as  criteria  and  operations  specifications,  all  of  the  applicable 
results  of  the  space  station  study  work  which  General  Electric  conducted  during 
the  past  two  years.     Wherever  possible,  the  equipment  and  the  procedures  used 
followed  precisely  these  systems  requirements  and  design  criteria  which  were 
developed  for  an  early  ci^ability,  four  to  six  man,  earth  orbiting  space  station.  . 

iiyin  design  of  the  test,  it  was  recognized  that  human  performance  is  always 
to  some  extent  influenced  by  surroundings  and  the  environment  in  which  one 
lives.    It  was,  therefore,  necessary  to  faithfully  duplicate  a  cabin  which  would 
be  sin&ilar  in  all  respects  to  the  best  projection  of  orbital  operating  hardware 
^idiich  existed.    The  cabin  which  was  developed  for  this  prograxn  is  shown  on 
Figure  4.    It  is  12    1/2   ft.  in  diameter,  24   ft.  high  and  is  separated  into 
living  and  flight  deck  con^Mtrtments . 

The  living  compartment.  Figure  5,  was  designed  to  convey  a  feeling  of 
spaciousness  and  maximise  storage  volume  for  necessary  equipment  and  sup- 
plies.   Pull-out  drawers  contained  food,  drugs,  and  personal  equipment  for  the 
30-day  mission.    A  small  ^o  cubic  foot  freezer  acconunodated  diet  supplements 
such  as  buttet,  several  steaks,  froxen  ^ple  pies,  and  tomatoes.    A  zero  "g" 
type  water  dispenser  was  used  for  reconstituting  freeze  dried  foods.  '»'«>'!| 
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The  center  of  most  activity  on  the  v^per  deck  is  the  vehicle  systems  iii- 
strument -panel  shown  on  Figure  6.    This  panel  is  a  result  of  a  design  study 
conducted  for  the  development  of  the  display  and  control  requirements  of  a# 
typical  Earth  Orbiting  Space  Station.    Specific  psychomotor  tasks  were  located    "■^' 
a^i^'Cant  to  the  main  instrument,  panel. 

^■■*    ■■"..-■■'  ■■   ..  ■  ..  <_',V'#  .  ■,•'■"  .  ■  ■■ . 


The  cabin  was  installed  as  shown  on  Figure  7  In  one  of  the  three  39  ft. 
diameter  space  environment  simulators  now  in  operation  at  Valley  Forge. 
Use  of  this  simulator  facilitated  the  contribution  of  conducting  the  test  in 
an  artificial  atmosphere.    The  atmosphere  chosen  for  evaluation  was  7  psia 
composed  of  sea  level  oxygen  with  nitrogen  as  the  diluent.    This  choice,  the 
result  of  a  detailed  study  relating  structural  penalty,  leakage  loss,  fan  power, 
fire  hazard,  and  extra-vehicular  operations  appears  to  be  the  best  compromise 
between  engineering,  physiological  and  operational  requirements. 

In  order  to  evaluate  the  physiological  effects,  if  any,  of  the  7  psia  atmos- 
phere selected,  an  exceptionally  complete  medical  test  program  was  designed 
and  applied  to  each  test  subject. 


The  physiological  tests  made  were  separated  into  two  essential  categories 
based  upon  the  equipmients  and  skills  required  to  take  the  measurements.    Those 
measures  requiring  the  facilities  and  techniques  of  medical  research  installa- 
tions were  generally  classified  as  pre-  and  post-flight  tests  and  are  listed  on 
Figure  8.     The  pre-flight  tests  were  made  to  establish  baseline  data  on  each 
subject  prior  to  entry  into  the  cabin.    A  similar  battery  ol  tests  was  taken  im- 
mediately upon  exit  from  the  cabin  and  before  physiological  re-adaptation  to 
the  earth-normal  environment  could  have  occurred.        ; 

The  second  category  of  tests  included  those  which  could  be  taken  on  a  daily  "' 
or  periodic  basis  by  the  crew  during  the  flight  and  which  required  eqdipmect 
which  could  readily  be  expected  to  be  contained  within  a  space  station. 

These  in-flight  bioTxiedical  measurements  were  made  on  each  crew  member  . 
every  day  and  included  temperature,  blood  pressure,  electrocardiogram,  phonql^ 
cardiogram  and  carotid  pulse.    In  addition,  pulmonary  functions  such  as  vital     |> 
capacity  and  timed  vital  capacity  were  measured  in  order  to  gather  the  funda-    |^ 
mental  data  required  for  an  evaluation  of  crew  health  and  well  being.  '^^%r^) 

The  majority  of  the  activities  associjated  with  these  measures  was  contributed 
by  the  personnel  and  facilities  of  T«mple  University  Medical  Center.    This  joint, 
participation  of  General  Electric's  space  systems  biologists  and  physiologists 
with  Temple's  clinical  and  research  specialists  in  the  ^reas  of  pulmonary,  renal, 
and  cardiovascular  functions  permitted  an  exceptionally  extencive  biomedical     i^ 
evaluation  of  the  effects  of  an  unusual  environnaent  upon  man.  |V 

Twenty  -four  hour  medical  surveillance  was  also  provided  in  the  control  '^-'-^ 

room  during  the  flight.     Using  closed  circuit  television  and  the  communication*  {^^ 
system  coupled  with  the  daily  in-flight  data  readouts,  the  doctors  on  duty  wer«    ; 
able  to  closely  monitor  each  subject  on  a  continuous  basis.    In  this  way,  sub- 
jective data  of  health,  well  being,  morale,  and  motivation  were  recorded  and 
correlated  with  the  individual  diaries  kept  by  the  crew  members. 


The  'success  of  a  complex  program  such  as  this  depends,  to  a  large  extent, 
upon  the  performance  of  the  team  of  supporting  personnel.     This  is  especially 
true  of  those  individuals  in  the  role  of  test  monitors  who  control  or  have  cog- 
nizance over  all  test  activities  on  a  minute -by -minute,  day-by-day  basis.     The 
role  of  the  monitors  in  this  test  was  maximized  in  order  that  a  high  degree  of 
task  and  equipment  programming  flexibility  could  be  realized.     For  example, 
the  monitors  had  control  over  all  subsystem  conditions,  providing  the  opportu- 
nity to  judge  management  performance.     Each  task  was  controlled  individually, 
providing  programming  latitude  in  case  of  such  things  as  scheduled  emergen- 
cies, and  equipment  failures.  ^       , 

Psychological  task  panels,   shown  on  Figure  9>  were  used  for  evaluation  of 
crew  performance.    A  total  ol  eleven  basic  psychological  tasks  designed  to  probe 
many  aspects  of  behavior  were  used  for  this  evaluation.     These  involved  several 
types  of  vigilance  behavior,  eye-hand  coordination,  higher  order  mental  func- 
tions, and  reaction  time . 

'         Each  crew  member  had  a  four-hour  '.'miasion  •  period  every  day,   at  which 
time  he  would  perform,  several  of  these  tasks.    Some  of  the  tasks  were  per- 
formed daily,    some  every  other  day,  and  others  every  third  day  depending  on 
the  particular  measure.     The  tasks  were  programmed  to  each  individual  relative 
to  his  work/ rest  cycle  so  that  factors  such  as  fatigue  and  alertness  were  balanced 
among  the  crew.     This  balanced  design  made  it  possible  to  either  evaluate  the  ef- 
fect of,  or  eliminate  the  effect  of  these  factors  in  analysis  of  the  data.     These 
tasks  were  used  in  addition  to  the  more  complex  operational  requirements  of  ren- 
dezvous, docking,  and  subsystems  monitoring.  < 

Using  a  six  degree  of  freedom  real  time  analog  program,  the  crew  was  re- 
quired on  a  periodic  basis  to  acquire  ah  unmanned  supply  vehicle  at  a  distance 
of  20  miles  from  the  station  and  to  fly  a  completely  manual  rendezvous  mission-  • 
using  the  displays  shown  on  Figure  6.     The  task  here  was  to  successfully  com-  "!'- 
plete  this  maneuver  and  to  bring  the  supply  vehicle  to  a  stop  within  50  feet  of  the 
station  with  all  rates  and  attitudes  at  or  near  zero. 

Inunediately  upon  completion  of  the  rendezvous  maneuver,  the  pilot  received 
a  visual  presentation  of  the  supply  vehicle  as  it  would  appear  to  him  standing  off 
the  station  docking  port.     The  presentation  was  accomplished  through  the  use  of 
closed-circuit  television  which  assumed  a  camera  located  at  the  center  of  the    .jrjir 
docking  port.     The  supply  vehicle  here  was  the  General  Electric  Docking  Siniu-yK 
lator.  Figure  10,  which  was  operated  remotely  by  the  crew  member  using  the 
same  controls  he  had  used  to  complete  the  rendezvous  maneuver.     This  docking 
sinmulator,  an  air  bearing  device  in  five  degrees  of  freedom,  was  then  maneu-   ^c, 
vered  by  the  crew-man  into  the  docking  port.    Of  particular  interest  here  is  the  ' 
use  of  TV  visual  flight  reference  only  for  the  performance  of  this  maneuver.    It 
is  interesting  to  note  that  although  the  docking  maneuver  over  this  two-dii|C(en- 
sional  presentation  system  is  more  difficult  than  when  the  simulator  is  flown 
with  the  pilot  inside,  the  maneuver  can  be  accomplished  and  can  be  completed 
in  good  fashion  with  a  high  degree  of  repeatability. 
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The  Libby,  McNeil  and  Libby  Company  provided  the  complete  food  system 
for  the  30  day  test.     The  diet  was  primarily  composed  of  freeze-dried  food 
which  is  reconstituted  by  adding  specific  quantities  of  water,  gently  kneading 
the  package  and  in  some  cases  warming  for  a  short  time.    All  of  the  food  pro- 
vided was  analyzed  for  caloric  and  mineral  content  and  percentages  of  carbo- 
hydrates, fats  and  protein.    Included  in  the  diet  were  servings  of  lobster,  crab, 
roast  beef,  lamb,  a  variety  of  vegetables,   deserts  and  snacks.     A  number  of 
dishes  of  this  food  were  prepared  for  consumption  in  the  zero-g  environment 
by  the  addition  of  a  sauce  containing  a  colorless  and  tasteless  gelatin,  which 
holds  the  food  together  and  retains  it  on  a  plate  or  on  a  fork  without  the  assist- 
ance of  gravity. 

Food  preference  rankings  were  made  by  the  crew  for  each  food  item  of  one 
meal  per  day  for  the  duration  of  the  test.     In  this  manner  a  large  amount  of 
data  concerning  the  preference  of  various  types  of  food  is  available  and  can  be 
used  for  structuring  the  food  system  chosen  for  the  next  te^t  or  for  a  space 
station  program.     The  importance  of  food  quality  to  mOraleSwas  substantiated 
by  the  comments  of  the  terranauts. 

The  crew  performed  according  to  the  work/ rest  cycle  shown  on  Figure  II.     . 
This  schedule  was  developed  during  the  30-day  test  program  and  is  different         ' 
from  the  initial  cycle  developed  for  the  test  in  terms  of  the  amount  of  time  re- 
quired for  sleep  and  the  balancing  of  rest  periods  around  the  periodic  need  for 
food  preparation,  consumption,  and  personal  hygiene. 

During  the  first  several  days,  the  work  load  required  of  each  man  was  ex- 
tremely high  with  the  result  that  little  time  was  available  for  eating  and  personal 
hygiene,  no  time  was  available  for  rest,  and  only  four  to  five  hours  per  day  re- 
mained for  sleep.     The  result  --  high  exhaustion  and  loss  of  moraile. 

By  reducing  the  data  handling  work  load  and  allocating  more  time  for  sleep* 
crew  effectiveness  was  restored  and  morale  returned  to  an  acceptable  level. 

The  test  was  successfully  compileted  on  November  6,  1963.  Although  g^-ia^ •■>'"• 
wealth  of  test  data  exists,  discussion  of  that  which  appears  to  be  most  significant 
to  space  station  systems  analysis  design  and  operation  is  appropriate. 

The  work/ rest  cycle  described  above  has  been  replotted  and  is  shown  on  the  • 
crew  activity  apportionment  chart.  Figure  12.  As  shown  here,  each  crew -man: 
performed  the  functions  indicated  every  day  during  the  test.  It  is  significant  4^ 
that  of  the  24-hour  day  only  four  hours  per  man  were  available  for  mission  ^:^ 
activities.  Review  of  this  chart  highlights  the  problem  involved  in  scheduling  ^# 
crew  activities  and  developing  a  meaningful  mission  time  allocation  for  crmr  -^0 
complements  of  less  than  four  men.  $;^»  &!• 
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In  the  tasks  of  station  management,  including  all  those  functions  associated 
with  operating  the  station,  the  crew  performed  as  well  during  the  last  day  as 
they  did  during  the  first  day.     Results  of  the  rendezvous  and  docking  perform- 
ance indicated  an  initial  diifficulty  during  the  first  run  on  the  part  of  each  crew 
member.     This  difficulty  was  apparently  caused  by  a  loss  of  proficiency  during 
the  three -week  period  between  the  end  of  the  rendezvous  training  and  the  first 
simulation  in  the  cabin.     This  result  seems  to  support  the  premise  that  some 
method  of  maintaining  critical  flight  phase  proficiency  wiU  be  required  on  boards 
and  that  some  time  must  be  allocated  for  maintenance  of  this  proficiency. 

Included  in  the  cabin  equipment  were  several  pre-failed  electronic  modules. 
Repair  of  these  modules  was  required  on  a  scheduled  basis.    In  addition,   seven 
unprogranuned  failures  of  operating  equipment  occurred  which  demanded  repair 
as  soon  as  possible.    In  all  cases,  using  schematics  and  standard  checkout 
equipment  the  crew  was  able  to  trace  the  failure,  effect  the  appropriate  equip-   v 
ment  repair,  and  prevent  abort.  ;: 

Of  the  eleven  specific  psychological  tests  conducted,  no  decrement  of  crew 
performance  as  a  function  of  time  was  detected.     Conversely,  those  tests  as- 
sociated with  eye-hand  coordination  indicated  a  significant  improvement  in  crew 
performance  as  a  result  of  the  crew's  ability  to  compete  one  with  the  other  in      ^ 
these  particular  tasks  on  a  day-to-day  basis.    Of  significance  was  the  high  day- 
to-day  variability  of  the  scores  recorded  during  the  vigilance  tasks.     This  var- 
iability was  strikingly  large  and  has  been  correlated  with  subjective  data  gath- 
ered through  the  crew's  diaries  indicating  a  strong  relationship  between  morale 
on  any  given  day  with  performance  of  a  task  which  required  high  concentration 
over  a  long  period  of  time.     Tie  question  one  would  ask  at  this  time  is  the  effect 
upon  crew  reliability  during  these  periods  oi  apparent  depression.    The  answer 
is  yet  unknown  but  certainly  indicates  that  the  design  of  operating  equipment 
nqilil;  CQiiiidcir  the  danger  associated  ox  implied  by  these  results. 

Regarding  possible  tour-of-duty  limitations,  the  relationship  between  crew 
members,  as  manifested  in  morale,  may  be  an  important  factor.    For  this  rea- 
son, measures  of  group  coh^siveness  were  taken  seven  times  during  and  several 
tiaaes  beforehand  after  the  test.    The- assessment  of  cohesiveness  was  based  on  - 
a  24-item  adjective  rating  scale  which  each  crew  member  filled  out  ranking 
himaelf  and  the  three  other  crew  members.    Each  subject's  ratings  of  psycho- 
logical distance  between  himself  and  the  other  three  crew  members  was  pooled 
statistically  in  order  to  arrive  at  the  measure  of  cohesiveness  shown  on  Figure   . 
13.    As  can  be  seen,  the  trend  over  the  30  days  is  progressively  downward. 
While  an  acceptable  lower  limit  cannot  at  this  time  be  established,  the  possi- 
bility of  eventual  overt  conflict  is  apparent.    The  rather  sharp  downward  trend 
in  cohesiveness  can  be  partially  attributed  to  the  fact  that  little  team  perform- 
ance was  required,  since  most  of  the  missipn  tasks  are,  by  nature,  individual 
efforts,  and  therefore,  not  conducive  to  development  of  crew  esprit  de  corps. 
This  explanation  is  verified  by  the  daily  diaries  of  the  craw. 


Also,  related  to  tour  of  duty  limitationa  are  the  test  results  associated 
with  nitrogen  metabolism.    Here,  measures  of  negative  nitrogen  balance, 
increased  urine,  creatinine,  blood/ urea/ nitrogen,  coupled  with  a  loss,  of 
muscle  tone  indicates  a  definite  loss  of  muscle  protein  and  tolerance  to  ex- 
ercise.   As  a  rasult,  a  daily  exercise  regimen  for  future  tests,  increased 
substantially  for  orbital  operations  while  weightless,  is  indicated.    Once 
again  this  requirement  will  have  the  effect  of  subtracting  from  the  useful 
jtime  available  for  performing  mission  tasks. 

As  discussed  abov#»  the  choice  of  7  psia  atmosphere  (360  mm  Hg)  was 
the  result  of  a  design  study  which  quantitatively  evaluated  structural  weight 
penalty,  fan  power  requirements,  leakage,  purge,  and  air  lock  losses.    The 
curve  shown  on  Figure  14  is  the  result  of  these  trade-offs  applied  to  a  four- 
man  space  station.    As  indicated,  the  7  psia  atmosphere  permits  a  total  sys- 
tems weight  reduction  of  860  pounds  as  compared  with  a.  sea-level  environment. 
Not  only  is  this  weight  reduction  significant,  but  in  addition  the  7  psia  environ- 
ment provides  the  crew  with  greater  protection  from  aero-embolism  which 
might  possibly  be  induced  by  a  cabin  decompression.     It  also  eliminates  the 
need  for  the  critical  time  requirement  for  denitrogenation  prior  to  the  use  of 
a  pressure  suit  for  extra  vehicvdar  operations.     These  considerations  suggest 
a  minimum  pressure  level  of  approximiately  6  psia.     However,  the  concern  for 
the  fire  hazard  proiblem  associated  with  high  oxygen  concentrations  is  real.     The 
icompromiise,  therefore,  between  a  minimum-weight  6  psia  system  and  one  which 
is  reasonable  from  the  fire  hazard  standpoint  appears  to  be  on  the  order  of  7  psia 
(50%  oxygen  -  50%  nitrogen).     While  desirable  frccn  an  engineering  stant^oint, 
evaluation  of  the  possible  physiological  effects  upon  the  crew  of  long  exposure     ' 
to  this  environment  was  necessary. 

The  measures  which  were  made  upon  this  crew  were  indicated  on  Figure  8. 
The  results  of  these  measures  shown  on  Figure  15,  grouped  by  function,  indicate 
completely  normal  physiological  response  througliout  the  30-day  period.    All 
measures  taken  were  in  all  cases  within  normal  clin^ally  acceptable  tolerance 
limits  and  could  not  be  considered  significant  in  any  respect. 

:'f      In  the  operational  sense,  exposure  of  test  monitors  180  times  to  the  2.2     I'M^u' 
Critical  range  of  decompression  during  this  test,  validated  the  assumption  that^;^^;. 
problems  associated  with  aero-embolism  will  not  exist  if  this  atmosphere  is 
used.     Faulty  equipment  caused  a  fire  during  a  pre- test  checkout  run.    This  fire 
was  electrical  in  nature  but  was  easily  extinguished  using  standard  fire  fighting 
equipment.    This  experience  also  tends  to  justify  the  choice,  from  an  opera- 
tional and  safety  stan<^oint  of  the  7  psia  atmosphere. 

Of  interest  to  the  design  of  life  support  equipment  are  the  results  associatcid 
with  the  water-balance  measures  taken.     In  this  particular  environment  Figure 
16  indicates  a  large  increase  in  sweat  and  respiration  water  loss^  with  a  cor-  "^   '" 
responding  decrease  in  urine  and  fecal  water  discharge.    Of  interest  also  are 
the  critical  remarks  made  by  all  the  crew  at  a  debriefing  wherein  they  indicated 
a  constant  feeling  of  dryness  althotf^  the  humidity  level  was  maintained  between 
35  and  40  per  cent.  ^ 
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Th*  volume  of  tho  cabin  tested  is  tbown  on  Figure  17.    In  all  cases  the 
crew  reported  a  complete  feeling  of  adequacy  for  the  duration  of  the  test. 
Wnxikmrmoxp,  it  is  suspected  tiiat  this  same  cabin  with  only  minor  modifi- 
eattMkS  could  support  a  six-man  crew  as  well  as  it  housed  the  four.    In  terms 
of  arrangement,  it  was  obvious  that  provisions  for  individual  privacy  would 
be  highly  desirable  and  should  be  considered  a  design  goal.    This  desire  plus 
the  need  for  increased  flexibility  of  the  living  compartment  indicates  a  sound 
and  light  isolation  requirement  for  the  sleeping  compartments. 

The  food  which  was  sullied  appear  to  be  an  extremely  important  benefit 
to  the  temp  subjects.    Several  of  the  crew  indicated  that  a  good  meal  at  the  end 
of  their  day  was  anticipated  and  also  looked  upon  as  a  reward  for  their  activities 
and  performance.    Food  preference  charts  were  kept  current  and  are  shown  on 
Figure  Ift*     Food  preference  six  is  equivalent  to  "like  moderately"  while  eight 
is  "like  extremely".    The  three  day  gap  shown  represents  that  time  when  the 
crew  used  a  pureed  food  form.    Although  food  preference  data  was  not  taken 
during  those  three  days,  the  almost  unanimous  comment  was  that  the  food  was 
less  desirable  than  the  maximum  acceptability  diet.    In  terms  of  weight,  the 
maximum  acceptability  diet  which  was  used  weighs    no  more  than  the  squeeze 
diet  sometimes  recommended  for  space  flight.    The  only  penalty  which  is  paid, 
as  the  lower  curves  indicate,  is  the  volume  required  for  storage.     The  trade-off, 
tikerefore,  becomes  a  simple  one  between  the  volume  available  and  the  volume 
needed  to  provide<this  highly  desirable  food  form. 

In  summary,  the  results  of  this  test  indicate  that  men  can  perform  adequately 
for  a  thirty  day  mission,  that  grovq>  cohesiveness  degraded  significantly,  that  the 
naen  showed  a  definite  loss  in  muscle  tone,  that  40%  relative  humidity  in  the  sel- 
ected atmosphere  is  too  low,  that  rendezvous  and  docking  can  be  successfully 
performed. using  conventional  aire rzift -type  controls  and  visual  contact,  that  the 
effects  of  the  selected  atmosphere  had  no  deleterious  physiological  results,  and 
that  freeze-dried  foods  are  highly  acceptable  and  desirable.    The  cabin  arrange- 
ment was  found  generally  acceptable.     Changes  in  the  work/ rest  cycle  were 
found  necessary  after  about  four  days  because  inadequate  time  was  left  for  sleep- 
ing.   Adjustment  to  schedule  that  allowed  about  six  hours  of  sleep  daily  permitted 
all  tasks  to  be  succesefully  performed  and  morale  and  motivation  to  rise  to  a  high 
level  for  the  remainder  of  the  test.    Pre-failed  panels  as  well  as  some  unpro- 
grammed  failures  were  successfully  repaired  with  the  few  tools  brought  on-board 
and  with  a  nainimum  of  pre-test  instruction  as  background.    At  no  time  was  there 
a  threat  of  abort. 

Results  also  indicated  that  the  four  hours  per  day  of  mission  tine   per  man 
could  be  increased  by  applying  more  automation  to  the  subsystems  monitoring 
and  data  handling  aspects  of  the  flight.    Since  any  increase  in  mission  time 
availability  is  reflected  in  increased  data  return,  this  aspect  of  station  system 
dasign  and  operation  is  highlighted.    This  is  particularly  true  if  a  two-man  system 
is  contemplated  or  if  any  degree  of  flexibility  to  meet  unusual  or  emergency 
•ituations  is  to  be  realised. 
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In  light  of  these  results,  the  fundamental  assumptions  around  which  this 
test  program  was  structured  appear  to  be  substantiated.    First,  that  a  high 
fidelity  mission  simulation  conducted  early  in  the  design  phase  of  manned 
space  vehicles  systems  is  invaluable  in  providing  basic  validation  of  assu- 
mptions and  developmient  of  criteria  upon  which  a  system  can  be  analyzed 
and  designed.    Second,  the  use  of  this  type  of  simulation  for  the  development, 
of  specific  mission  systems  operations,  crew  size  and  equipment  require- 
ments is  mandatory  for  efficient  development  of  specific  manned  space  station 
systems.     Finally,  this  work  has  substantiated  the  introduction  of  the  basic 
crew  utilization  considerations  such  as  mission  time  availability  and  overall 
effectiveness  as  being  as  fundamental  to  space  station  design  and  .as  .quantif|a,|]|le 
as  weight,  power,  volume,  and  cost.  ^_.,/'"-/'  .     t -fe    ?  *i»(S 
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Position: 

Company: 

Education: 


Experience: 


Engineering  ^ec^alist 

^Ivania  Electronic  Systems,  WlUiamsville ,  N.Y. 
B.S.,  Physics,  Wisconsin  State  College 
M.S.,  Physics,  University  of  Wisconsin 

l^lvania  Electronic  Systems  Division  Atmospheric 
Millimeter  wave  propagation.  Electronically 
Scanned  Millimeter  Wave  Antenna. 

Martin-Marietta  Corp.  -  The  Martin  Company 
Division,  Orlando,  Florida,  1958-1963.    Senior 
Engineer  to  Design  Medalist. 


R.  E.  JOHNSON 


Goodyear  Aircraft  Corp.  -  Engineer  to  Senior 
Engineer,  1955-1958.    Research,  development, 
and  design  of  microwave  antennas  and  components. 


:ifp. 


BIOGRAPHICAL  SKETCH  NOT  AVAILABLE 


T.  E.  WOLK 


BIOGRAPHICAL  SKETCH  NOT  AVAILABLE 


■'!:/■>■•'-  "r'■■■^^vri.^ 


C.  T.  MORAVEC 


Position  Title:    Faculty  Research  Associate 

Industrial  and  Management  Engineering  Department 

Company  Affiliation:  Newark  College  of  Engineering 

Brief  Biography:  M.S.  in  Physical  Chemistry,  Liverpool,  England. 
Post  graduate  research  in  electrochemistry  in 
;  Cambridge  and  Princeton.    Management  and 

research  in  P.  &  G. ,  Lever  Bros. ,  Educational 
Testing  Service,  Parapsychology  Foundation, 
Newark  College  of  Engineering. 


E.  DOUGLAS  DEAN 


HUGH  LENNEGUS  COX 


B.C.E.,  North  Carolina  State  College,  1949;  M.S.,  Civil  Engi- '' 
neering,  University  of  Illinois,  1952;  Ph.D.,  Structural  Engineer- 
ing and  Applied  Mechanics,  University  of  Illinois,  1953. 

Joined  Martin  Company,  Denver  Division,  in  1959.    Currently 
Chief,  Structures  and  Aerophysics  Technical  Development.    Pre- 
viously served  as  Initial  Head  of  Technical  Development  for  Silo 
Launch  Test  Facility  and  Technical  Director  of  Complete  Titan  II 
Shpck  Isolation  System.  -/;  *.  4  .'^ 

Employed  by  Kirk  Engineering  Company  (1956-1959)  as  Con-;;,*i> 
sultant  to  the  Martin  Company . 

Structures  and  Dynamics  Engineer,  Army  Ballistic  Missile 
Agency,  1955-1956. 

Executive  Vice  President,  Structures  Specialties  Corporation, 
Santa  Monica,  California,' 1956-1957. 

Structural  Engineer,  Douglas  Aircraft  Company,  Santa  Monica, 
California,  1953-1956. 

Numerous  honors  and  awards  for  technical  papers  presented. 


B.S.  in  Aeronautical  Engineering,  University  of  Kansas,  1949. 
M.S.  in  Applied  Mechanics,  Washington  University,  St.   Louis, 
Missouri,  1955. 

Mr.  Winter  has  been  employed  since  1957  as  a  Group  Engineer 
with  the  Martin  Company,  Denver.    Analysis  and  test  of  Titan  II 
Thrust  Mount  and  Shock  Isolation  System;  Titan  I  Open  Base 
Shock  Mounting  Inspections;  Inflatable  Structures  Study. 

He  was  previously  employed  as  Stress  Engineer,  Emerson  : 
Electronic  Mfg.  Company,  Electronics  &  Avionics  Division,  St. 
Louis  (November  1954  to  September  1957). 

Mr.  Winter  taught  at  Washington  University,  St.  Louis,  Mis- 
souri, from  June  1954  to  October  1954. 

He  was  associated  with  Sverdrup  &  Parcel  Inc.,  St.  Louis, 
Missouri,  as  a  Designer-Detailer  (August  1953  to  May  1954).  '■ 

He  is  a  member  of  the  American  Institute  of  Aeronautics  and 
Astronautics,  Tau  Beta  Pi  and  Sigma  Tau. 


RALPH  O.  WINTER 


T.  CHARLES HELVEY 


Completed  doctoral  thesis  in  physical  chemistry  at  Kaiser  Wil- 
helm  Institute  in  Berlin,  majoring  in  chemical  engineering.   Worked 
at  Medical  School  of  University  of  Halle  (Germany),  attended  Insti- 
tute of  Nuclear  Studies  at  Oak  Ridge.  Research  associate  at  Cornell 
University  and  University  of  Miami  Marine  Laboratory.    Associate 
professor  at  Oneonta  College  of  New  York  State  University.    Joined 
Research  Institute  of  Advanced  Science  in  Baltimore,  subsequently 
the  Human  Factors  Section  of  the  Martin  Company,  and  headed  En- 
vironmental and  I)ynamics  Laboratories,  Orlando  Division. 

Visiting  professor  of  biophysics  at  Radiation  Biophysics  Depart- 
ment of  Kansas  University.    Director  of  Biophysics  and  Astroblol- 
ogy  Branch,  Radiation,  Inc. ,  Research  Division,  Orlando:  Chief 
Scientist  of  Ortronix,  Inc.,  Orlando.   In  1960  accepted  associate 
professorship  in  Biological  Sciences  at  University  of  South  Florida. 

Executive  Secretary  of  the  Tampa  Bay  Area  Council  of  Aging, 
Director  of  Inter-American  Institute  for  l^ace  Science  Education. 
Author  of  sixty-two  scientific  articles  and  several  books. 


Mr.  Lang  received  his  Bachelor  of  Mechanical  Engineering 
"Degree  from  the  City  Collie  of  New  York  in  1955.    Upon  grad- 
uation he  joined  the  Research  Division  of  the  Curtiss-Wright 
Corporation  and  worked  principally  on  the  development  of  ad- 
vanced jet  engine  concepts.    In  1959  he  became  affiliated  with 
the  Hamilton  Standard  Division  of  United  Aircraft  Corporation. 
He  was  given  technical  responsibilily  for  the  analysis  and  de- 
velopment of  a  solar  thermoelectric  power  generator  for  space 
use  which  was  designed,  buit  built  and  tested  successfully  within 
1  1/2  years.    At  present  Mr.  Lang  is  a  System  Analyst  in  the 
Space  Suit  Grotq>.    His  principal  respons&ility  is  the  perform- 
ance of  optimization  studies  leading  to  the  development  of  low 
weight,  small  volume,  high  reliability  life  support  systems. 
Important  among  these  are  the  analyses  necessary  for  provid- 
ing adequate  thermal,  contaminant,  and  pressure  control.   In 
addition  he  has  coordinated  the  task  of  physiological  monitor- 
ing and  evaluation  of  test  data  during  maimed  testing. 


RONALD  LANG 


'■'P''f.  C.  SKCOUI) 


Present  Position;  Chief,  Life  and  Environmental  Systems  Sec- 
tion, Advance  ^pace  Technology.  Directs  Advanced  Design  of  f':A 
Power  £|ystems.  Environmental  Control  and  Life  Support  Systems 
and  Vehicle  Safely  £!|rstems. 

Education;  University  of  Southern  California,  B.S.  in  Mechan- 
ical Engineering,  1950. 

Experience;    13  years  at  Douglas  —  recently  directed  research, 
analyses  and  study  programs  on  MOSS,  MORL,  OSS,  UMPIRE, 
and  S-IV  Gemini  S^ce  Laboratory,  RITA.  SLOMAR,  ASTRO.     ^, 
Apollo  Laboratory  and  LEM;  also  worked  as  Advance  Desitni  Sup- 
ervisor in  Mechanical  Section,  Oroap  Engineer  in  Air  Conditioning! 
Section,  and  Mechanical  Designer  in  Aircraft  Structures  Soot  ion. 

Professional  Actiylties;   Director  of  Southern  Cnlifornia  ASMK 
Aviaticm  and  l^jiace  Division,  1960-62;  member  ASMK  ProfoH^ional 
Division  Council,  ASME  Slpace  Division  Nation:il  KxiH'utivo  i'oin- 
mittee  (Secretary),  ASME  National  Uencml  Conunitloo  for  i^vu-o- 
craft,  and  Institute  oi  Environmental  Scienvos. 


Dr.  Yarymovych  is  Acting  Director  of  Manned  Earth  Orbital 
Mission  Studies,  Advanced  Manned  Missions  Program  in  the 
NASA  Headquarters  Office  of  Manned  Space  Flight.    He  is  res- 
ponsible for  the  development  of  the  NASA  program  for  advanced 
manned  earth  orbital  systems,  including  space  stations. 

He  was  previously  Assistant  Director  of  Systems  Engineering, 
Flight  Systems,  in  the  NASA  Office  of  Manned  ^ace  Flight,  res- 
ponsible for  systems  engineering  of  various  subsystems  of  the 
Apollo  spacecraft  abd  launch  vehicle.  >  «;  r- 

Dr.  Yarymovych  came  to  NASA  from  Research  and  Advanced 
Development  Division  of  Avco  Corporation,  where  he  was  Man- 
ager of  Nuclear  Electric  Systems.    His  industrial  ej5)erience 
was  preceded  by  research  activities  at  the  Institute  of  Flight 
Structures  of  Columbia  University. 

'  He  received  his  B.S.  Degree  in  Aeronautical  Engineering  at 
N.Y.U.  His  M.S.  and  Ph.D.  D^rees  in  Engineering  Mechan- 
ics were  earned  at  Columbia  University . 


MICHAEL  1,  YARYMOVYCH: 


RICHARD  A.  PASSMAN 


B.S.E.  in  aeronautical  Engineering  and  B.S.E.  in  Mathematics 
from  University  of  Michigan,  1944.    Later,  upon  discharge  from 
the  Navy,  was  employed  as  an  engineer  with  Grumman  and  Con-  '  . 
solidated  Vultee  Aircraft.  i'p 

In  1947,  he  received  his  M.S. E,  in  Aeronautical  Engineering 
from  the  University  of  Michigan. 

Was  project  aerodynamicist  at  Bell  Aircraft  Corporation  from 
1947  to  1956.    Projects  included  the  e:q)erimental  rocket  aircraft 
X-1  and  X-2,  work  on  Rascal  and  Meteor  missiles.  He  joined  the 
General  Electric  Company  in  1956  as  project  engineer  for  ad-  # 
vanced  nose  cone  systems. 

In  1958,  was  given  responsibility  for  all  preliminary  re-entry 
vehicle  design.   In  this  capacity  the  initial  designs  for  Skybolt 
and  Mark  6  were  developed.    In  1960,  he  was  responsible  for 
Advanced  ^stems  Engineering.    In  1961,  he  was  appointed  Man- 
ager of  Advanced  Engineering.  *-* 

His  current  position  is  Manager  of  Advanced  Systems  Engineer- 
ing for  the  Missile  and  Space  Division. 


Senior  Flight  Surgeon  in  the  USAF  ^cialty  Training  Program 
in  Aviation  Medicine.  Assigned  for  duty  with  the  Deputy  for  Bio- 
astronautics,  AFMyc. 

B.S.  from  Furman  University,  Greenville,  South  Carolina, 
1949.    M.D.  from  Medical  College  of  South  Carolina,  1954.    In- 
terned at  Methodist  Hospital  in  Gary,  Indiana;  entered  Air  Force 
in  1955. 

Completed  Primary  Course  in  Aviation  Medicine  at  Randolph 
AFB,  Texas;  assigned  to  Shaw  AFB.    Was  Base  Flight  Surgeon 
and  Commander  of  the  363rd  TAC  Hospital,  and  later  Chief  of 
Professional  Services,  Office  of  the  Surgeon,  Headquarters      i*A»' 
Ninth  Air  Force.  -feci;< 

Upon  completion  of  training  progjram  in  radiobiology,  was  - 
assigned  to  Office  of  the  Command  Surgeon,  Air  Defense  Com- 
mand, Ent  AFB,  Colorado,  as  Chief  of  Nuclear  Medicine. 

Received  Ma^ster  of  Public  Health  Degree  from  Johns  Hop- 
kins University  in  1962.    Assigned  to  present  duty  in  July  1963. 


WILLIAM  B.  DYE 


RAYMOND  L.  ALLEN 


Raymond  L.  Allen  is  project  engineer  on  the  E>ynamic  Test  Pro- 
gram at  Thiokol  Chemical  Corporation's  Wasatch  Division,  respon- 
sible for  ail  interdepartmental  technical  coordination  associated 
with  the  installation  of  Thiokol' s  new  vibration  facility  and  accom- 
panying te^  program. 

He  joined  the  Wasatch  Division  as  an  instrumentation  and  test 
staff  engineer  in  December  1959.   In  March  1960,  he  was  promoted 
to  group  leader  of  the  Instrumentation  and  Test  Staff.    Prior  to  his 
present  position  he  served  as  an  assistant  project  engineer  in  the 
Rocket  Design  Department.    Served  as  a  power  plant  associate 
engineer  at  Douglas  Aircraft  Co.,  Inc.  and  as  an  engineering  aide 
at  Aerojet  General. 

In  1957,  MfT Allen  received  his  B.S.  Degree  in  aeronautical 
engineering  from  California  State  Polytechnic  College.    Completed 
a  Complex  Vibration  Seminar  in  July  1960  at  MB  Electronics,  New 
Haven,  Connecticut;  presently  studying  to  earn  a  master's  degree  in 
engineering  administration  from  the  University  of  Utah. 


Leonard  G.  Flippin  is  associated  with  the  WasatcFDivision  of 
Thiokol  Chemical  Corporation.    He  has  worked  with  structural 
dynamics  and  the  mechanics  of  materials  in  the  Applied  Studies 
Department  for  three  years. 

Prior  to  joining  Thiokol,  he  served  four  years  as  a  senior 
structures  and  dynamics  engineer  and  13  years  as  a  civil  and     '  ' 
architectural  engineer  at  Lockheed  Aircraft  Corporation.    Was 
a  senior  structures  engineer  at  U.S.  Bearing  Corporation  for 
one  year  and  a  design  specialist  at  Chrysler  Corporation's  Mis- 
l|  sile  Division  for  1    1/2  years. 

Mr.  Flippin  earned  his  B.S.  Degree  in  Civil  ^Engineering  from 
Lawrence  Institute  of  Technology,  Detroit,  Michigan  in  1949. 
During  World  War  II  he  served  as  a  pilot  in  the  United  States  Air 
Force.    He  is  a  member  of  Aircraft  Owners  and  Pilots  Associates. 


■j       L»  ' 


LEONARD  G.  FLIPPIN 


Taught  at  Northampton  College  of  Advanced  Technology 
(England).   Is  at  Jacksonville  University,  Jacksonville, 
Florida,  in  the  Division  of  Scfence  and  Mathematics,  and 
is  lecturing  to  physics  seniors  on  nuclear  physics. 

Until  the  beginnii^  of  1960,  was  on  the  scientific  staff 
of  England's  Ministry  of  Defense  and  held  a  series  of  offi- 
cial appointments  within  the  Defense  field,  which  included 
wartime  service  with  the  Government  of  India,  totalling 
about  fifteen  years.    At  the  end  of  his  service  in  these 
capacities  was  engaged  part  time  in  space  matters. 


A.  H.  S.  CANDUN 


i 

B.S.  In  Electrical  Engineering,  University  of  Manitoba,  Win- 
nipeg, Canada,  1949;  Graduate  School,  Case  Institute  of  Technol- 
ogy, Cleveland,  Ohio,  1950.    Full  M.S.  Curriculum  less  Thesis. 

Television  Technician  Training,  Teleivlsion  Training  Institute, 
Philadelphia,  Pennsylvania,  1942  (approximately  one  year).  Col- 
or Television  Training,  RCA  Institute  Home  Study  Course,  1954. 

Radio  Operator  &  Mechanic's  School  (USAF).     ^cialist's 
Training  in  V.H.F.  Receivers  and  Transmitters  (detached  ser- 
vice with  Royal  Air  Force) . 

Employed  since  1963  as  Department  Manager  of  Quality  Sys- 
tems Engineering,  Martin  Company ,  Baltimore.    Previous  em- 
ployment with  Martin  (since  1955)  included  positions  as  Quality 
Manager  on  Vanguard  Program,  Titan  I  Field  Crew  Effort,  Dyna- 
Soar  Booster  Program,  and  Gemini  Launch  Vehicle  Program, 

Numerous  speaking  engagements  at  Technical  Society  Meetings, 
ASQC  Conventions,  Canadian  Aeronautical  Institute,  etc. 


HAGGAI  COHEN 


L.  H.  KRATZER 


B.S.,  Mechanical  Engineering,  University  of  Utah,  1950. 
M.S.,  Physics,  University,  of  Utah,  1952. 

In  charge  of  the  Instrumentation  Development  Lab,  Dug- 
way  Proving  Ground,  1950-1952.    Supervised  developmental 
activities  and  directed  field  testing  programs  on  micro-      i 
meteorological  instruments"  and  air  sampling  devices  at 
Stanford  University,  1952-1957.  ^ 

While  a  Senior  Scientist  in  R&D,  Lockheed  Missiles  &  ' 
^ace  Company,  he  designed  the  inertial  reference  package 
of  the  Agena  Vehicle.   As  Research  Specialist,  he  established 
and  directed  the  operation  of  a  Reliability  Diagnostic  Labora- 
tory and  served  as  environmental  consultant. 

In  his  capacity  as  Technical  Test  Director,  HIVOS  Facility, 
Mr.  Kratzer  supervised  the  activities  of  up  to  65  engineers 
and  technicians. 


B.S. ,  Mechanical  and  Electrical  Engineering,  1931,  Harbin  Poly- 
technic Institute,  Harbin,  China;  M.S.,  Mechanical  Engineering, 
1932,  University  of  Michigan;  Ph.D. ,  Mechanical  Engineering,, 
1935,  University  of  Michigan.  -K'l' 

Designer  and  Draftsman,  Economy  Baler  Company,  Ann  Arbor, 
Michigan,  1935-1936.    Instructor,  Fenn  College,  Cleveland,  Ohio, 
1936-1940.   Acting  Head,  Mechanical  Engineering  Department,' 
Fenn  College,  1940-1944.    Project  Engineer,  Thompson  Aircraft 
Products,  Cleveland,  Ohio,  1944-1945.    Acting  Head,  Fenn  College 
Mechanical  Engineering  Department,  1945-1946.    Senior  Industrial 
Engineer,  Kenneth  A.  Mclntyre  Associates,  Cleveland,  Ohio,  1946^- 
1947.    Aeronautical  Research  Scientist,  NACA,  Lewis  Laboratory, 
Cleveland,  Ohio,  1947-1953.    Design  ^cialist,  Hydro-Aire,  Inc., 
Burbank,  California,  1953-1954.    Engineering  l^cialist,  Northrop 
Aircraft,  Inc.,  Hawthorne,  California,  1954-1957. 

Joined  Lockheed  Missiles  &  ^ace  Company  in  1957.    Currently 
Senior  Staff  Engineer,  serving  as  consultant  to  laboratory  engineers. 
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Graduated  from  M.I.T.  In  1959  with  a  B.-S.  in  Optical  Physics. 
In  January  of  1958,  he  started  half-time  employment  with  Block 
Associates,  Inc. ,  of  Cambridge,  where  he  worked  on  a  metro- 
logical  interferometer  and  design  and  fabrication  of  infrared 
spectro-radiometers .    Also  during  his  years  at  M.I.T. ,  he  was 
responsible  for  the  operation  and  maintenance  of  the  Color  Meas- 
urements Laboratory  of  M.I.T, 

Joined  the  Research  Laboratories  of  United  Aircraft  Corp.  in 
February  of  1960,  where  he  developed  automated  lens  design  and 
evaluation  programs  using  7090  computers. 

Mr.  Willey  went  into  full  time  activity  in  his  own  company,  Wil- 
ley  Optical  Research  Lab  and  Development  Service  (WORLDS,  Un- 
limeted),  in  July  of  1962.    WORLDS  was  engaged  in  engineering, 
lens  design,  and  prototype  fabrication. 

In  July  of  1963,  WORLDS  was  purchased  by  the  Instrument  Cor- 
poration of  Florida  and  Mr.  Willey  assumed  the  directorship  of 
their  combined  optical  activities. 


RONALD  R.  WILLEY,  JR. 


HAROLD  L.  JURY 


Presently  the  Project  Manager  of  Advanced  Geodetic  Survey 
Projects  for  Pan  American  World  Airways  at  the  Atlantic 
Missile  Range,  Mr.  Jury  holds  a  B.S.  Degree  in  Geology  from 
Syracuse  University  and  a  M.S.  Degree  in  Photogrammetry and 
Geodesy  from  Ohio  State  University.    While  completing  gradu- 
ate studies  at  Ohio  State,  he  served  as  a  research  fellow  doing; ;' 
photogrammetric  research  in  Greenland.  \ 

Mr.  Jury  worked  three  years  with  the  Inter-Americko  Geo- 
detic Survey  in  Central  and  South  America,  performing  various 
types  of  surveys  and  training  Latin  engineers  in  the  sciences  of 
geodesy  and  photogrammetry. 

During  World  War  II,  he  was  a  combat  navigator  on  B-29  air- 
craft in  the  Pacific  and  presently  holds  a  reserve  comknissionin 
the  United  States  Air  Force.    He  is  a  member  of  the  American 
Society  of  Photogrammetry  and  the  American  Institute  of  Aero- 
nautics and  Astronautics.        '  !:' 
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Dr.  Siegmund  was  born  in  Germany  but  emigrated  to  the 
United  States  in  1930.    He  grew  up  in  Rochester,  New  York 
and  pursued  his  undergraduate  and  graduate  studies  at  the 
University  of  Rochester,  where  he  received  his  Ph.D.  de- 
gree in  1952. 

After  a  year  of  post-doctoral  work  at  Rochester  he  joined 
American  Optical  Company  in  1953  as  a  member  of  its 
Research  Department  staff.    He  became  Assistant  Director 
of  Research  in  1958,  a  position  he  held  until  December  1963, 
when  he  became  Manager  of  the  Fiber  Optics  Department  of 
the  Space  Defense  Division.  • 
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WALTER  P.  SIEGMUND 

THOMAS  J.  HAYES  III 


Thomas  J.  Hayes  III,  son  of  Major  General  and  Mrs.  Thomas 
J.  Hayes  (USA -ret),  was  bom  26  August  1914  in  Omaha,  Nebraska. 
A  graduate  of  the  U.S.  Military  Academy  at  West  Point  (Class  of 
•36)  with  a  Master  of  Science  Degree  from  MIT  (1939).    Also  a 
graduate  of  The  Engineer  School,  the  Command  and  General  Staff 
College,  and  the  Industrial  College  of  the  Armed  Forces. 

His  27-year  career  in  the  Army  Engineers  has  been  a  varied 
one.   In  addition  to- troop  duty  with  Engineer  units  at  home  and 
abroad,  he  has  served  on  the  faculty  of  The  Engineer  School,  Fort 
Belvoir,  as  Engineer  Liaison  Officer  to  the  British  Army,  Assist- 
ant Military  Attachein  London,  and  Assistant  Engineer  Commis- 
sioner of  the  District  of  Columbia . 

General  Hayes  was  in  charge  of  the  $1.7  billion  construction 
program  developing  the  nationwide  network  of  intercontinental 
ballistic  missile  bases  for  the  Air  Force,  and  two  years  ago  was 
selected  to  head  the  Corps  of  Engineers'  activities  supporting  the 
NASA  Manned  Space  Program, 


Bom  in  Scranton,  Penn^lvania,  August  18,  1911.    Graduated 
from  Scranton  Technical  High  School  in  1932;  received  B.S.  in 
Economics  from  the  University  of  Notre  Dame  in  1936.  Entered 
New  York  University  Law  School,  receiving  his  L.L.B.  in  1940. 

After  practicing  law  in  Elizabeth,  New  Jersey,  was  counsel  for 
the  U.S.  House  Committee  on  Administrative  Law,  After  the  War, 
seirved  as  counsel  to  the  U.S.  Senate  Small  Business  Committee, 
and  later  as  a  Production  Analyst  for  the  U.S.  Navy  in  Washington. 

Joined  Bogue  Electric,  Inc.,  Washington,  D.C,  as  Vice  Pres- 
ident in  charge  of  production.    In  1955,  became  Senior  Management 
Consultant  for  Wellings-Reed,  Inc.,  Washington,  D.C.    Remained 
with  this  firm  until  1960;  accepted  a  position  with  the  Federal  Avi- 
ation Agency,  continuing  with  this  agency  as  Management  Analyst 
Supervisor  until  1^62.    Currently  Chief,  Management  Analysis 
Office,  Executive  Staff,  of  the  George  C.  Marshall  ^ace  Flight 
Center,  Huntsvllle,  Alabama. 
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,,.    BEN  W.  BRION 


Ben  W.  Brion  was  graduated  with  a  Bachelor  of  Science  Degree 
In  Electrical  Engineering,  major  in  Communications,  from  Pur- 
due Univp^flty  in  1937. 

Prior  to  World  War  U  he  worked  as  a  field  engineer  testing  gun 
control  prototypes  for  ^erry  Gyroscope.   During  the  war  he 
moved  to  Minneapolis  HoneyweU  where  he  designed  military  and 
commercial  control  Eiy stems. 

In  1947,  with  the  Engineering  Research  Division  of  Remington 
Rand,  he  served  as  Project  Engineer  on  that  company's  first 
electronic  digital  computer.    From  Remington  Rand  he  move4to 
the  Mechanical  Division  of  General  MiUs,  where  he  held  the  posi- 
tion of  Chief  Electrical  Engineer  for  eight  years. 

In  1958  he  started  his  own  company,  the  Brion  Engineering 
Company,  where  he  engineered  and  marketed  two  products. 

Brion  is  presently  a  Senior  Staff  Engineer  with  General  Elec- 
tric's  Apollo  Support  Department  in  Daytona  Beach,  Florida. 


Employed  by  the- Martin  Company  Canaveral  Division  as  a  mechan- 
ical systems  engineer  assigned  to  the  Titan  III  Project.    Formerly 
Senior  Staff  Engineer  in  the  Ferrite  Components  Section  of  Sperry 
Microwave  Electronics  Company  in  Clearwater,  Florida. 

Was  employed  as  a  Registered  Professional  Engineer  In  Chicago 
until  moving  to  Florida  in  1957.    Educated  at  Illinois  Institute  of 
Technology. 


C.  D.  SCHWEBEL 


Frank  B.  Page,  Ph.B.,  Yale  University,  1931,  taught  engi- 
neering at  the  University  of  Rochester,  and  was  an  engineer  at 
Pratt  &  Whitney  Aircraft,  at  Brookhaven  National  Laboratories, 
and  at  General  Electric.  ->, 

While  teaching,  he  served  as  consultant  to  General  Motors  on 
aircraft  powerplant  controls.    He  joined  G.E.  in  1953  as  an 
engineer  In  the  General  Engineering  Laboratory,  where  he  did 
development  work  in  pumping  and  propulsion  systems;  served 
the  Small  Aircraft  Engine  Department  as  a  reliability  engineer. 

In  1962  he  joined  the  Apollo  Support  Depai*tment,  and  was 
assigned  to  HuntsvUle,  where  he  laid  the  groundwork  for  current 
G.E.  reliability  support  at  Marshall  Space  Flight  Center.    He  Is 
oo-holder  of  two  patents,  and  author  of  a  number  of  G.E .  tech- 
nical reports. 

He  Is  a  member  of  ASME,  ASEE,  and  a  charter  member  of  the 
Oayiona  Metropolitan  Section  of  AIAA . 
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FRANK  B.  PAGE 


GEORGE  E.  HENRY 
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George  E.  n^Tty,  A.B.,  University  of  North  Carolina,  1945, 
has  been  with  Gelieral  Electric  since  1948,  first  as  a  member 
of  the  General  Engineering  Laboratory  in  Schenecta(fy,  later  as 
manager  of  Reliability  for  Ordnance  Department  in  Pit1;sfield. 

He  joined  the  Apollo  Support  Department  in  1962,  and  has 
done  development  work  in  acoustics  and  electrical  controls. 
Holds  a  niunber  of  patents,  has  been  active  as  a  lecturer  and 
teacher  of  Company- sponsored  courses.    Has  written  for  G.E. 
Review,  Scientific  American,  and  the  new  Groller  Encylopedia. 
Is  a  charter  member  of  the  Daytona  Metropolitan  Section  of 
AIAA. 
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Mr.  Zachmann  has  more  than  20  years  experience  in  electric 
motors  and  power  systems.    Since  joining  Martin  in  1951,  he 
has  served  as  consultant  on  electric  motor  applications,  power 
systems,  batteries  and  electromechanical  actuators.   Most  re- 
cently, he  has  been  active  in  the  design  of  electrical  power  sys- 
i terns  for  space  and  lunar  applications. 
t     Prior  ro  joining  Martin  Marietta,  he  has  worked  in  a  wide 
'^variety  of  industries.    He  has  acquired  a  depth  of  e^^erience  in 
'I research,  development,  design  and  application  of  electric  power 
equipment  including  rotating  machines,  turbo-alternators,  trans- 
formers, switch  gear,  batteries  and  electromechanical  devices. 
His  numerous  papers  qualify  him  as  an  authority  on  aerospace  - 
electrical  systems. 

A  native  of  New  Jersey,  he  holds  a  B.S.  in  Electrical  Engi- 
neering from  Newark  College  of  Engineering  and  is  a  registered 
Professional  Engineer  in  the  states  of  New  York  and  Pennsylvania 
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HOWARD  G.  ZACHMANN 
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Assistant  Professor  of  Mechanical  Engineering  at 
the  University  of  Oklahoma,  Norman,  Oklabsma.  i. 
Teaches  and  researches  in  the  heat  transfer-fluid x 
flow-thermodjmamics  area. 
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DARREL  G.  HARDEN 
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Head,  Department  of  Mechanical  Engineering, 
Oklahoma  State  University,  Stillwater,  CMahoma. 
Administers  large  graduate  and  undergraduate      i^ 
program  at  Oklahoma  State.   Active  in  all  phases 
of  heat  transfer  research. 
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J.  H.  BOGGS 


DAVID  K.  BARTON 
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David  K.  Barton  was  born  in  Greenwich,  Connecticut,  in  1927'. 
He  received  the  B.A.  Degree  in  Physics  from  Harvard  College 
in  1949, 

From  1949*'to  1953  he  worked  as  an  electronic  engineer  with 
the  White  Sands  Signal  Corps  Agency^    From  1953  to  1955  he 
was  a  project  engineer  in  Evans.  Signal  Laboratory,  Belmar, 
N.  J. ,  responsible  for  development  contracts  on  radar  beacons 
and  related  equipment.    Betwee^i  1955  and  1963  he  was  a  sys- 
tems engineer  with  RCA  Missile  a^d  Surface  Radar  Department 
in  Moorestown,  New  Jersey.    ^  j,       '  * 

In  1958  he  received  the  David  W.  Samoff  Award  for  outstand- 
ing achievement  in  engineering,  based  upon  his  contributions^o 
precision  tracking  radar.    In  1963  he  joined  the  Raytheon  GQm*^" 
pany  at  Wayland,  Mass. ,  as  a  staff  engineer.    Has  presented 
papers  at  national  conventions  and  symposia,  was  a  lecturer  at 
I  the  1960  and  1961  Special  Summer  Course  in  Modem  Radar 
Technique  at  the  University  of  Pennsylvania. 


Edward  Ileinzerling  received  his  B. "    Degree  in  Elect  rical 
Engineering  from  Tufts  College  in  1951.    From  1951  through 
1954  he  served  as  an  Electronics  Officer  in  the  U.S.  Navy. 

In  1956  he  received  the  M.S.  andE.E.  Degrees  in  Elec-    ' 
trical  Engineering  from  the  Massachusetts  Institute  of  Tech- 
nology.   Since  1956  he  has  been  with  the  General  Electric 
Company,  ^racuse,  New  York,  where  he  specialized  in  the 
"Analysis  and  evaluation  of  missile  radio  guidance  and  tracking 
equipment.  - 


>ily«.'..iv;Ai-,>ih,^WiW,S-,r 


EDWARD  HEINZEl^LING 

■      A 


\ 


Mr.  Strand  is  employed  by  General  Electric  in  their  Radio 
Guidance  Operation.    He  has  been  employed  by  them  for  the 
past  three  years  as  a  Mod  III  Radar  Systems  Evaluation  Engi- 
neer and  has  completed  the  National  Bureau  of  Standards  1962 
•course  in  Radio  Propagation. 

For  the  past  two  years  he  has' been  evaluating  the  effects  of 
the  troposphere  upon  noise  in  radar  data  from  Mercury,  Ran- 
ger and  Mariner  missions.  Previously,  he  was  employed  by 
Boeing  Airplane  Company  as  a  test  planneir  for  the  radio  con- 
trolled Bomarc.  Mr.  Strand  graduated  from  Illinois  Institute 
of  Technology  in  1956  with  a  B.S.  in  Chemical  Engineering. 
He  is  a  member  of  the  American  Ordnance  Association. 


J.  N.  STRAND 
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Personnel  Peychologist  with  fourteen  years  experience  in  industry. 
'Completed  M.A.  in  Psychology  at  Fordham  University  in  1951  and 
Ph.D.  in  Industrial  Psychology  at  Western  Reserve  University  in 
1956.  ^ 

Work  centered  on  executive  evaluation  and  management  development. 
Having  formerly  worked  in  the  consulting  field,  now  serving  as  Direc- 
tor, Personnel  Planning,  Development,  and  Training   with  ITT  Fed- 
eral Laboratories. 

Member  of  American  PsychologicajL  Association  and  author  of  sev- 
eral articles  in  professional  and  management  periodicals. 
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ARTHUR  D.  KELLNER 


Mr.  Laziar  is  a  Personnel  Development' Specialist  with  ITT  Federal 
Laboratories,  a  multi-plant  electronics  R&D  operation  of  5,000  peo- 
ple.   In  this  capacity  he  is  responsible  for  management  development 
activities,  which  include  performance  appraisal  and  individual  devel- 
opment, maintenance  and  operation  of  the  company  skills  inventory, 
test  evaluation,  personnel  research  and  control  of  turnover.    Prior 
to  his  present'position,  Mr.  Lazar  worked  for  5  1/2  years  in  Human 
Engineering. 

He  received  his  B.B.A.  Degree  in  Industrial  Psychology  in  1956 
from  CCNY  and  his  M.A.,  Degree  in  Psychology  from  Syracuse 
University  in  1957.    He  is  currently  working  for  a  Ph.D.  at  NYU. 


RICHARD  G.  LAZAR 


Laurence  W.  Enderson,  Jr.  is, an  Aerospace  Engineer  in  the   r 
Mission  Analysis  Section  of  the  NASA  Langley  Research  Center. 
He  is  Currently  doing  research  in  Space  Mechanics  on  problems 
associated  with  manned  space  e^loration.    Prior  %o  this  he  was 
employed  by  the  NASA  Manned  Spacecraft  Center  in  the  Mercury 
Project  Office. 
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LAURENCE  W.  ENDERSON,  JR. 
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William  H.  Michael,  Jr.  is  head  of  the  Mission  Analysis  Sec- 
tion at  the  NASA  Langley  Research  Center.  His  research  inter- 
ests have  included  trajectory  analysis  for  manned  and  unmanned 
lunar  missions,  feasibility  studies  for  experiments  in  space  ex- 
ploration, and  studies  in  celestial  mechanics. 


WILLIAM  H.  MICHAEL,  JR. 


Gordon  D.  Thayer  was  bom  October  24,  1931,  at  Glen  Ridge, 
'  New  Jersey.    He  attended  Cornell  University  (1949-1951)  as  a 
math  major;  Newark  College  of  Engineering  (1954-1955),  M.E. 
major;  and  the  University  of  Colorado  (1955-1957),  receiving  a 
B.S.  Degree  in  Engineering  Physics  June  9,  1957. 

Joined  Boulder  Laboratories,  National  Bureau  of  Standards, 
June  17,  1957.    Presently  with  the  radio-meteorology  group, 
his  projects  with  NBS  include  tropospheric  analysis,  mathema- 
tical analysis  and  data  reduction,  research  on  problems  of  tro- 
pospheric refraction  and  attenuation  of  radio  signals. 

Prior  to  joining  NBS,  Thayer  was  employed  as  a  Chemistry 
Laboratory  Aide  at  the  Cathode  Ray  Tube  Division  of  Allen  B. 
Dumont  Labs. ,  AUwood,  New  Jersey,  and  as  Instrument  Cali- 
brator and  Checker  at  Weston  Elec.  Instr.  Corp.,  Newark, 
New  Jersey.    While  in  the  U.S.  Army  Signal  Corps,  he  was  at 
White  Sands  Proving  Ground  and  at  EvEms  Signal  Lab,  Belmar, 
New  Jersey. 


GORDON  D.  THAYER 
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ARTHUR  A.  DAUSCH,  JR. 


Bom  in  Chicago,  Illinois,  1920.^  B.  S.  in  Electrical  Engineer- 
ing, University  of  Southern  California,  1944;  M.S.  in  Electrical 
Engineering,  University  of  Southern  California,  1950. 

Was  with  Lockheed  Aircraft  Company  in  their  Ejfperimental 
Flight  Division  while  earning  his  B.S.  Degree.   Commissioned 
as  Ensign,  USNR,  in  August,  1944,  and  assigned  to  the  Aircraft 
Electrical  Division  of  the  Naval  Research  Laboratory  in  Wash- 
ington, D.C.    Returned  to  the  University  of  Southern  California 
in  July,  1950,  where  he  was  Head  of  Evaluation  for  the  Guidance 
and  Control  Department  until  December,  1954.   Joined  Lockheed 
Missile  System  Division  in  Van  Nuys,  California. 

In  1958  he  returned  to  Hughes  Aircraft  Company,  in  the  MG 
Series  Fire  Control  Systems  Department.  Joined  the  Itelmbiliiy 
and  Systems  Test  Department  of  the  Surveyor  Spacecraft  Laoor- 
atory  in  1960;  currently  Assistant  Manager  of  the  Surveyor  Sys- 
tems Engineering  Department. 


